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This bulletin is one of a series prepared to record the 
history of the Boulder Canyon Project, the results of technical 
studies and experimental investigations, and the more unusual 
features of design and construction. A list of the bulletins 
available and proposed for publication is given at the back of 
this report. 

By joint resolution approved by the President April 30, 
1947, the United States Congress changed the name of the 
dam theretofore known as Boulder Dam to Hoover Dam. 
Of necessity the former name appears on some of the draw
ings in this bulletin. 
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FOREWORD 

Colorado River, originating in the melting snows of the Wyoming 
and Colorado Rockies and augmented by rapid run-off from spasmodic 
rains and cloudbursts over a vast arid region, has menaced life and 
property in its descent to the Gulf of California since the days of 
the first covered wa.gon. 

With increased population along the lower reaches of the river 
the problem of controlling the Colorado became more important. 
During recent years millions of dollars have been spent in mitigating 
the evils of silt deposition and in protecting the highly cultivatod 
Imperial Valley lands from annual threats of inundation. 

The need for a comprehensive plan of development to check the 
ravages of Colorado River, to regulate its fiO\v, and to utilize a part 
of its enormous energy led, first, to investigations by the Reclamation 
Service of all water storage possibilities; next, to the Colorado River 
Compact, a mutual agreement for the protection of the seven basin 
States; and, finally, to the adoption of the Boulder Canyon project, 
as the initial development. 

The Boulder Canyon Project Act, approved December 21, 1928, 
authorized a total appropriation of $165,000,000 for the various 
features involved. These include Hoover Dam and appurtenant 
works, the power plant, the reservoir, and the All-American Canal 
system. The purposes of the project are: (1) flood and silt control 
for protection of lands along the lower river; (2) improvement of 
navigation; (3) river regtilation and storage of water for irrigation 
and municipal use; and (4) development of electric power for domestic 
and industrial purposes. The project is self-liquidating, largely 
through contracts for disposal of electrical energy. It was con
structed and is being operated under the supervision of the Bureau 
of Reclamation, United States Department of the Interior. 

Hoover Dam is located on the Nevada-Arizona boundary near 
Las Vegas, Nev., at a place where Colorado River has carved a deep 
gorge between towering rock cliffs, known as Black Canyon. The 
dam is a concrete arched-gravity structure with a maximum height 
of 726 feet above foundation rock, a maximum base thickness of 660 
feet, and a crest length of 1,244 feet. The dam and appurtenant 
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works contain 4,400,000 cubic yards of concrete, of wltich 3,250,000 
cubic yards were required in the dam. 

During construction the river was diverted through four 50-foot 
diameter, concrete-lined tunnels, two on each side of the river. These 
tunnels were subsequently plugged near the upstream ends. The 
spillways, each of 200,000 second-feet capacity, are connected through 
inclined shafts to the two outer tunnels. A 30-foot diameter steel 
power penstock is installed in each of the inner tunnels. Discharge 
from the reservoir is controlled by cylinder gates in four intake towers, 
founded on the canyon walls near the upstream face of the dam. 
Four 30-foot steel penstocks, connected to the bases of the intake 
towers, conduct water to the power plant and to the outlet valves 
for release of flood, irrigation, and domestic water supply when the 
power plant discharge is insufficient for such purposes. The reser
voir above the dam is 115 miles long and has a capacity of 30,500,000 
acre-feet, the equivalent of 2 years' normal river flow. 

The power plant is in a U-shaped, reinforced-concrete structure 
over 200 feet high and 1,500 feet long, located immediately down
stream from the dam. The plant is designed for an ultimate installa
tion of fifteen 115,000- and two 55,000-horsepower units, making a 
total installed capacity of 1,835,000 horsepower. 

The All-American Canal, located near the Mexican border, will 
carry water to irrigate lands in the Imperial and Coachella Valleys. 
The canal proper, with a diversion capacity of 15,000 second-feet, is 
the largest ever constructed for irrigation purposes in America. 

The entire Boulder Canyon project is characterized by the extraor
dinary. The height and base thickness of the dam, the size of the 
power units, the dimensions of the fusion-welded, plate-steel pipes, 
the novel system of artificially cooling the concrete, the speed and 
coordination of construction, and other major features of the project 
are without precedent. The magnitude of the undertaking intro
duced many new problems and intensified many usual ones, requiring 
investigations of an extensive and diversified character to insure 
structures representing the utmost in efficiency, safety, and economy 
of construction and operation. 

The major credit for the conception of the project and the initia
tion of investigations leading to its adoption must be given to the 
late Arthur P. Davis, former Director of the Reclamation Service. 
Dr. Elwood Mead, Commissioner of Reclamation during the greater 
part of the construction period, passed away January 26, 1936, 4 
months after the dedication of Hoover Dam. In commemoration 
of his untiring services on the Boulder Canyon project, the reservoir 
created by the construction of the dam has been officially named 
Lake Mead. 



CONTENTS 
Section Paoe 

Introductory statement _______________________________ --------- II 

Engineering organization during construction_____________________ VI 
Foreword_____________________________________________________ VII 
Contents_____________________________________________________ IX 

List of figures_________________________________________________ XVIII 

List of tables_____________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ xxn 

CHAPTER I-INTRODUCTION AND SUM11ARY 

INTRODUCTION 
1. General description_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 
2. Design studies________________________________________________ 7 
3. Specialfeatures_______________________________________________ 9 
4. Purpose of bulletin____________________________________________ 10 

SUl\fMARY 
5. Design of pipe________________________________________________ 10 
6. Properties of steeL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 11 
7. Fabricating shop______________________________________________ 12 
8. Size of plates_________________________________________________ 12 
9. Fabrication of pipe_-=---_______________________________________ 13 

10. Welding of joints_____________________________________________ 14 
11. Radiographic inspection __________________________________ ----- 14 
12. Stress relieving ________________________________ --------------- 14 
13. Transportation and erection____________________________________ 15 
14. Prestressing_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 16 
15. Testing, cleaning, and painting_________________________________ 16 
1~ Chronology___________________________________________________ 17 
17. Personnel____________________________________________________ 17 

BibliographY------------------------------------------------- 18 

CI-IAPTER II-HYDRAULIC AND ECONOl\fiC 
STUDIES 

INTRODUCTION 

18. Conditions and requirements----------------------------------- 19 
19. Development of plan__________________________________________ 20 

HYDRAULIC STUDIES 

20. Thoma's experiments__________________________________________ 23 
21. Model investigations__________________________________________ 25 
22. Streamline wye with tie rods___________________________________ 27 
23. Vibration of tie rods___________________________________________ 33 
24. Occurrence of vortices_________________________________________ 35 
25. Frequency of vortex generation_________________________________ 37 
26. Elastic frequency of tic rods____________________________________ 38 
27. Possihility of resonance________________________________________ 38 

2& Conclu~ons __ ~----------------------------------------------- 38 
IX 



X CONTENTS 

CHAPTER II-HYDRAULIC AND ECONOMIC 
STUDIES-Continued 

ECONOMIC CONSIDERATIONS 
Section Paoe 

29. Hydraulic losses __ ----------- __________________ --------------- 39 
30. Assumed load factor___________________________________________ 40 
31. Frictional head loss _____________________________ ~_____________ 40 
32. Maintenance costs____________________________________________ 41 

33. SummarY---------------------------------------------------- 42 

OTHER COKSIDERATIOXS 
34. Structural feasibility__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 45 
35. Feasibility demonstrated by models_____________________________ 46 
36. Investigation of water-hammer_________________________________ 47 
37. Conclusions__________________________________________________ 48 

MODEL AND PROTOTYPE DATA 

38. Introduction_________________________________________________ 48 
39. Description of tests__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 49 

CHAPTER III-DESIGN OF PIPE SHELL, SUP
PORTING SYSTEM, AND GIRTH JOINTS 

INTRODUCTION 
40. General description____________________________________________ 59 
41. Design of pipe shelL__________________________________________ 59 
42. Thickness and weight of shelL___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 60 

DESIGN OF SUPPORTING SYSTEM 

43. Introduction_________________________________________________ 61 
44. Stiffener ring_________________________________________________ 61 
45. Fillet insert_ _______________ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 61 
46. Supporting brackett _______________ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 63 

PIPE IN LONGITUDINAL FLEXURE 
47. Introduction _____________________ -___________________________ 65 
48. Buckling stress under axial compression__________________________ 66 
49. Tests of axially compressed cylinder_____________________________ 66 
50. Buckling test on 48-inch pipe___________________________________ 67 

MODEL TESTS OF PENSTOCK HEADER 

51. Introduction ____________________ -- ____ --- ____________ - __ ----- 72 
52. Tests on 48-inch modeL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 72 
53. Tests on 60-inch model number!_______________________________ 75 
54. Tests on 60-inch model number 2 _____ --------------------------- 75 
55. Tests on 60-inch model number 3 _________ - ___ - __ __ __ _ _ ___ _ _____ 80 

STRESSES IN PIPE SHELL 

56. Stress conditions______________________________________________ 82 
57. Combined stresses ________________________ ---------- ______ ----- 82 



CONTENTS 

CHAPTER III--DESIGN OF PIPE SHELL, SUP
PORTING SYSTEM, AND GIRTH JOINTS-Con. 

Bl.JCKLING OF PIPES WITH SIDE OUTLETS 
Section Page 

58. Purpose of tests----------------------------------------------- 84 
59. Description of tests ___________ .. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 85 
60. Discussion of results ________________________________________ .. _ _ 87 

DESIGN OF GIRTH JOINT 
61. Introduction_________________________________________________ 88 
62. Photoelastic analysis of butt-strap connection_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 89 
63. Steel models of butt-strap connection____________________________ 91 
64. Pinned connection of butt strap_________________________________ 93 
65. Final design of girth joint______________________________________ 93 
66. Test on girth joint____________________________________________ 97 

CHAPTER IV-DESIGN OF PIPE FITTINGS AND 
APPURTENANCES· 

INTRODUCTION 
67. General procedure_____________________________________________ 101 
68. Test methods and records______________________________________ 101 

3Q-FOOT BY 13-FOOT BRANCH CON:KECTION 

69. Introduction___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 102 
70. Preliminary model studies______________________________________ 103 
71. Photoelastic investigations ___________ ---- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 105 
72. Branch connection with side bars_______________________________ 106 
73. Branch connection with insert plate_____________________________ 109 
7 4. Streamline branch connection _________ --________________________ 113 
75. Streamline connection with tie rods_____________________________ 116 
76. Investigation of tie-rod connections ___ -- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 118 
77. Summary and conclusions______________________________________ 119 

25-FOOT BY 13-FOOT 3-WAY JUNCTION 

78. General description ________________________________________ ---_ 123 
79. ~odel tests__________________________________________________ 123 
80. Conclusions__________________________________________________ 125 

13-FOOT BY 9-FOOT WYE 

81. General description ________________________ .___________________ 126 
82. ~odel tests__________________________________________________ 127 
83. Conclu~ons__________________________________________________ 127 

~A:KHOLES 
84. General description____________________________________________ 128 
85. Stresses developed in construction.------------------------------ 129 
86. Summary and conclusions______________________________________ 130 
87. Pyralin model experiments_____________________________________ 131 
88. Final design__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 132 



xu CONTENTS 

CHAPTER V-TUNNELS, ANCHORS, AND 
SUPPORTS 

TUKXELS 
Section Page 

89. General description____________________________________________ 135 
90. Construction adits _______________________________________ ----·· 138 
91. Lower penstock and outlet tunnels______________________________ 138 
92. Upper penstock and outlet tunnels _________ :_____________________ 141 
93. Grouting and draining lo\\er tunnels_____________________________ 143 
94. Grouting and draining upper tunnels_____________________________ 146 

ANCHORS 

95. General requirements and design________________________________ 147 
96. Terminal anchors_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 148 
97. Intermediate anchors ___________ -- __ -- __ ---_-- __ -- __ -- ___ - ___ -_ 154 
98. Supplemental anchors ______________________________________ .. __ 160 

SUPPORTS 
99. P~rs________________________________________________________ 163 

100. Thrust blocks ____________ --- __ -- __ ----------------------_____ 165 
101. Cradles______________________________________________________ 167 

CHAPTER VI-DEVELOPl\1ENT, INSPECTION, 
AND TESTING OF STEEL PLATE 

DEVELOPMENT OF STEEL PLATE 

102. Requirements of specifications ___ .. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 169 
103. High-strength steel adopted____________________________________ 170 
104. Experimental investigations _________ .. ___ - ______ ·________________ 170 

YIELD STRENGTH AND TOuGHNESS 

105. Effects of heat treatment______________________________________ 173 
106. Results of tests___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 17 4 
107. Summary and couclusions______________________________________ 178 

IMPACT VALUES 
108. Introduction_________________________________________________ 179 
1 0 9. Impact tests_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 180 
110. Temper brittleness____________________________________________ 182 
111. Summary_ _ ________________________________ .. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 183 
112. Re:eidual stresses in steel plates_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 183 

INSPECTION AND TESTING 

113. Chemical composition of plate___________________________________ 184 
114. Ph~rsical properties____________________________________________ 185 
115. Increasing yield strength by normalizing_________________________ 187 



CONTENTS 

CHAPTER VII-FABRICATION OF PORTABLE 
PIPE SECTIONS 

INTRODUCTION 

XIII 

Section Page 
116. Summary ____________________________________________ . _ _ 189 

FABRICATING PLANT 

117. General description__________________________________ _ _ _ __ _ _ _ _ 191 
118. General plan and layout of shop____________________________ _ _ 195 

FABRICATING SHOP EQUIPMENT 

119. General description_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 198 
120. Cranes______________________________________________________ 198 
121. Planer_______________________________________________________ 199 
122. Twin hydraulic press__________________________________________ 199 
123. Vertical bending rolL__________________________________________ 201 

124. Assembly jigs and forms_-------------------------------------- 203 
125. Welding machines _______________________________ . _____ .- __ .. _ _ _ _ _ _ 205 
126. X-ray equipment_ _________________ . _____ . ______ . _________ . _ _ 206 
127. Stress-relieving furnace ----------------------------- __ ___ _ 207 
128. Boring milL ____________________ .. __________ .. _____________ .. _ _ _ _ 208 
129. Drilling machine __________________________ .. _ _ _ .. _ _ _ _ _ _ _ _ _ _ _ _ _ _ 209 
130. Portable boring milL___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 209 
131. Cutting machines _________________________________________ .. ___ 210 
132. Centerless grinder_____________________________________________ 212 

FABRICATING SHOP OPERATIONS 

133. Dimensions and weight of steel plates___________________________ 212 
134. Fabrication of pipe sections__________________________________ _ _ 213 
135. Stiffener rings and support brackets_____________________________ 215 
136. Fabrication of bends and fittings____________________ ____ ______ 219 
1 37. Penstock and outlet-pipe ftan ges _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ 224 
138. Welding requirements_____________________________________ 226 
1 39. Qualifications of welders____________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 228 
140. Welding procedure and details ____________________________ .. _ _ _ _ _ 228 
141. Weld tests_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 230 
142. Radiographic inspection_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 231 
143. Physical tests of welds _____________________ .. ________ .. _ _ _ _ _ _ _ _ _ _ 233 
144. Heat treatment for stress relieving______________________ ________ 233 
145. Stress-relieving furnace operation details ____________ .. _____ .. __ .. _ _ _ 235 
146. Machining and drilling_________________________________________ 236 
147. Shot blasting and painting_____________________________________ 237 
148. Storage and loading of sections_____________________________ _ _ _ _ 237 

FRACTllRES AND THEIR REP AIR 

149. Fracture in section UN-9______________________________________ 238 
150. Method of repair______________________________________________ 239 
151. Fractures in section LN-31___________________________ __________ 241 
152. Fractures in bend section of 30-foot pipe_________________________ 242 
153. Residual stresses in section LN-35 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 243 



XIV CONTENTS 

CHAPTER VIII-TRANSPORTATION AND 
ERECTION 

INTRODUCTION 
Sution Page 

1.14. General description____________________________________________ 247 
1 5.5. General contract reqnirements ______________________________ :._ --- 249 

156. Sequence of operations-----~----------------------------------- 249 

TRANSPORTATION 
157. Moving pipe sections from shop to tunnel adits_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 250 
158. Moving pipe sections to the canyon_____________________________ 251 
159. Lowering pipe sections into the canyon__________________________ 252 
160. Moving pipe sections into the tunnels____________________________ 256 
161. Hoisting pipe sections in inclined tunnels_________________________ 259 
162. Transportation of penstock and outlet pipes______________________ 264 

ERECTION OF PIPE SECTIONS 
163. Summary of operations________________________________________ 264 
164. Assembling rigs ________________________________________ ------- 264 
165. Assembling and shrink fitting pipe sections_______________________ 266 
166. Drilling and countersinking_____________________________________ 268 
167. Broaching and pinning_________________________________________ 269 
168. Trepanning__________________________________________________ 270 
169. Pin calking___________________________________________________ 272 
170. Butt-strap calking_____________________________________________ 273 
171. Erection of penstocks__________________________________________ 273 
172. Erection of outlet pipes________________________________________ 274 
173. Field-welded girth joints_______________________________________ 276 

174. Details of field girth joints-----------~------------------------- 278 
175. Testing field girth joints_______________________________________ 279 
176. Penstock bulkheads___________________________________________ 281 
177. Turbine inlet pipes ____________________ - ___ - ___ - _____ - ___ - __ --_ 281 

CHAPTER IX-PRESTRESSING 

INTRODUCTION 
178. Preliminary studies and conclusions_____________________________ 287 
179. General plan and procedure____________________________________ 289 

PRELIMINARY OPERATIONS 
180. Test of thrust bars____________________________________________ 290 
181. Test of ratchet screw-jack______________________________________ 291 
182. Calibration of gages _______________ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 292 
183. Thermal coefficient of penstock steeL ____ ._______________________ 292 

GENERAL FEATL"RES OF PRESTRESSIKG AND JOINT 
CLOSURE 

184. Prestress closure joints _______________ ------------------------- 293 
185. Penstock connection joints_____________________________________ 294 
186. Development of prestress force_________________________________ 295 
187. Determination of filler-ring widths______________________________ 295 
188. Fabrication and installation of filler rings_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 297 
189. Control of prestress operations__________________________________ 298 
190. Control of temperature________________________________________ 299 



CONTENTS XV 

CHAPTER IX--PRESTRESSING~Continued 

DETAILS OF PRESTRESSING OPEHATIONS 
Section Page 

191. Upper Nevada penstock N-6----------------------------------- 300 
192. Sequence of prestressing in upper Nevada unit____________________ 303 
193. Upper Nevada 30-foot header__________________________________ 303 
194. Upper Nevada 25-foot header__________________________________ 304 
195. Upper Arizona penstock and outlet header_______________________ 306 
196. Lower Nevada header, straight section _________ --________________ 307 
197. Lower Nevada header, curved section___________________________ 307 
198. Lower Arizona penstock and outlet header _______ .. _______________ 309 

CHAPTER X-TESTING 
199. Introduction_________________________________________________ 311 
200. General program and procedure_________________________________ 315 
201. Thirty-foot test bulkhead______________________________________ 317 

DETAILS OF TESTING OPERATIONS 

202. Upper Nevada unit___________________________________________ 320 
203. Defect in section UN-19 _________________________ ------------- 322 
204. Lower Nevada unit___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 325 

205. Defect in section LN-73--------------------------------------- 326 
206. Lower Arizona unit_ ____________ . ___ - ___________________ - _ _ _ _ _ 327 
207. Defects in lower Arizona unit___________________________________ 327 
208. Upper Arizona unit_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 328 
209. Defect in section UA-5L ________________ ---------------------- 329 
210. Stresses during pressure tests___________________________________ 329 

CHAPTER XI-CLEANING AND PAINTING 

INTRODUCTION 
211. Summary ____________________________ -_-_____________________ 333 

GENERAL REQUIREMENTS 

212. Provisions of specifications_____________________________________ 334 
213. Final requirements ______________________ - ___ -_________________ 334 

BITUMINOUS OR COAL-TAR PRIMER 

214. Composition and physical characteristics________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 335 
215. Tc~tingnlethods______________________________________________ 335 
216. Working properties _________________ ---- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 336 

BITUMINOUS OR COAL-TAR ENAMEL 

217. Com position and physical characteristics____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 336 
218. Application and workability____________________________________ 337 
219. Toughness and adhesion_______________________________________ 337 
220. Decomposition or alteration____________________________________ 337 
221. Specifications for grade A enameL______________________________ 338 
222. Working properties of grade A enameL_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 338 



XVI CONTENTS 

CHAPTER XI~CLEANING AND PAINTING--Con. 

RED-LEAD PlUMER 
Section Page 

223. Composition and physical characteristics_________________________ 338 

ALUlVIINUM PAI~T 

224. Aluminum mixing varnish______________________________________ 339 
225. Aluminum paste_______ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 339 
226. Prussian blue paste_____________________________________________ 340 

PAl NTIKG PROCEDURE 
227. Bonding test ________________ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 340 
228. Sandblasting ______________________________ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 340 
229. Priming ________________________ .. -------------------------- 340 
230. Application of enameL________________________________________ 341 
231. Electrical inspection of enameled surface_________________________ 345 
232. Application of aluminum_______________________________________ 345 
233. Chronology__________________________________________________ 345 

MAI~TE~ANCE 

234. Localized failure of inicrior coai.iJJh------------------------------ 346 
235. Summary of conditions ______ .. _________________________________ 346 
236. Conclusions ______ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 34 7 

CHAPTER XII-AUXILIARY EQUIP:\lENT 

237. Introduction ___________________________ -_____________________ 349 

STATION-SERVICE PENSTOCK 
23& Purpose______________________________________________________ 349 
239. General description _____________________ -_____________________ 349 

LIGHTING SYSTEM 
240. Introduction ______________ . ____________ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 352 
241. Source of power______ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 353 
242. General description ________________________________ -- ______ - _ _ _ 353 
243. Feeders and cabinets__________________________________________ 353 
244. Conduit support:; ____________ - ________ ---- __ -------- _______ --- 354 
245. Lighting units _____________ ------ _________ - _____ -----_---_-_-_- 354 

ACCESS, DRAINAGE, VENTILATION, AND PROTECTIVE 
FACILITIES 

246. Tunnel walkways ____________ -- ____ -_------------------------- 358 
24 7. Drainage system _________________________ -____________________ 360 
248. Ventilating system ________________ - __ ----- __ -------- ____ ------ 361 
249. Safety doors__________________________________________________ 363 

WATER-MEASUREMENT FACILITIES 

250. Piezometers and pi tot tubes __________ -_-_-- ____ ----- ___ -------- 366 



CONTENTS 

CHAPTER XIII-CONSTRUCTION PROGRAM AND 
COST DATA 

INTRODUCTION 

XVII 

Section Page 

251. Hoover Dam and appurtenant features__________________________ 369 

CHRONOLOGICAL RECORD OF CONSTRUCTION OF 
PENSTOCK AND OUTLET SYSTEM 

252. Synopsis of contract_ __________________ ...:_______________________ 370 

253. Modifications of contract______________________________________ 372 
254. Order for changes No. 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 372 

255. Orderforchanges No.2---------------------·------------------ 374 
256. Order for changes No. 3_ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 374 

257. Order for changes No.4--------------------------------------- 374 
258. Order for changes No. 5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 37 5 

259. Orderforchanges No.6--------------------------------------- 375 
260. Order for changes No. 7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 376 

261. Orderforchanges No.8--------------------------------------- 376 
262. Orderforchanges No.9--------------------------------------- 376 
263. Orderforchanges Ko.10______________________________________ 377 
264. Extra work order No.!_________________________ ______________ 377 
265. Extra work orders Nos. 2 and 3_________________________________ 378 
266. Extra work order No.4 ________________ ------------------------ 378 
267. Extra work order No.5_____________ ----------------------- 378 

268. Extra work order No.6---------------------------------------- 378 
269. Extra work orders Nos. 7, 8, and 9______________________________ 379 
270. Contractor's organization and personnel_________________________ 379 
271. Progress and contractor's earnings for 1933_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 379 
272. Progress during 1934 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 380 
273. Contractor's earnings for 1934__________________________________ 380 

274. Progress during 1935 __________ -------------------------------- 380 
275. Contractor's earnings for 1935_. -------------------------------- 381 
276. Progress in 1936---------------------------------------------- 381 
277. Contractor's total earnings ___________ ------------------------ 382 
278. Summary of progress by years__________________________________ 382 
279. Cost summary ____ - ________________________________ '"__________ 382 



XVIII CONTENTS 

LIST OF FIGURES 
Figure Page 

Locomotive in a section of 30-foot pipe___________________________ iii 
Hoover Dam and appurtenant works____________________________ iv 
Boulder Canyon project-location map___________________________ v 

1. Diversion tunnels, spillways and outlet works ________________ Facing p. 2 
2. Section through canyon showing tunnels, adits, and cable,vay _ _ _ _ _ _ _ 3 
3. General layout of intake towers, penstocks, and outlets_ _ _ _ _ _ _ _ _ _ _ _ 4 
4. Relative positions of intake towers, penstocks, and outlets_________ 5 
5. View of Nevada intake towers__________________________________ 6 
6. Sketch showing outlet system at Hoover Dam____________________ 7 
7. Cross section of powerhouse through 82,500-kv .-a. generating unit__ 8 
8. upper Arizona penstock and outlet unit___________________ _ Facing p. 10 
9. Upper Nevada penstock and outlet uniL __________________ Facing p. 10 

10. Lower Arizona penstock and outlet unit_ __________________ Facing p. 10 
11. Lower Nevada penstock and outlet unit_ __________________ Facing p. 10 
12. Model of penstock header and branch connections________________ 27 
13. Arrangement of penstock model using brass pipe__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 29 
14. Arrangement of penstock model using celluloid tubing_____________ 30 
15. Penstock branch connection losses determined by model tests______ 31 
16. Progressive steps in development of vortices______________________ 34 
17. Assumed daily load curves for Hoover Dam power plant _______ -___ 42 
18. Schematic view of outlet works and diagrams of energy losses______ 50 
19. Pi tot-tube corrections determined in photoelastic laboratory________ 51 
20. Discharge and friction coefficients_______________________________ 52 
21. Junction losses___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 54 
22. Typical stiffener-ring assemblies________________________________ 62 
23. Supporting bracket for 30-foot header_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 63 
24. Supporting bracket for 13-foot penstock_________________________ 64 
25. Arrangement of 48-inch pipe for buckling test____________________ 68 
26. Failure of 48-inch pipe in buckling test__________________________ 69 
27. Results of buckling test on 48-inch pipe__________________________ 70 
28. Arrangement of model for 48-inch penstock header test. _ _ _ _ _ _ _ _ _ _ _ 73 
29. Stresses in stiffener ring of 48-inch modeL_______________________ 7 4 
30. Pipe used in tests of 60-inch model number!_____________________ 76 
31. Pipe used in tests of 60-inch model number 2__ __________________ 77 
32. Stresses in stiffener rings of 60-inch model number 2_______________ 78 
33. Pipe used in tests of 60-inch model number 3_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 79 
34. View of 60-inch model number 3________________________________ 80 
35. Stresses in stiffener rings of 60-inch model number 3_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 81 
36. Shell stresses near stiffener ring in 60-inch model number 3__ _ _ _ _ _ _ _ 83 
37. Buckling tests on pipes with and without side outlets______________ 86 
38. Photoelastic models of butt-strap connection_____________________ 90 
39. Tension test specimen of pinned joint____________________________ 92 
40. Views showing failure of tension test specimen____________________ 94 
41. Typical sections of 30-foot pipe_________________________________ 96 
42. Half scale model of 30-foot pipe for testing girth joint_____________ 98 
43. Preliminary model of 30- by 13-foot branch connections____________ 104 
44. Pyralin models of branch connection ___ ------------------------- 106 
45. Model of 30- by 13-foot connection using angle branch design_______ 107 
46. Stresses in model of branch connection__________________________ 108 
4 7. Tentative design of branch connection with inserL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 110 
48. Stresses in model with diamond-shaped insert____________________ 112 



CONTENTS XIX 

Figure Page 

49. Model of streamline branch connection__________________________ 113 
50. Stresses in model of steamline branch connection ______________ . _ . _ 115 
51. Model of streamline branch connection with tie rods___________ ___ 117 
52. Design of streamline branch connection \Vith tie rods______________ 121 
53. Branch connections in canyon-wall outlet manifolds_______________ 122 
54. Header and branch connections at tunnel-pi ug outlet works__ _ _ _ _ _ _ 124 
55. Design of 25- by 13-foot 3-way junction _____________ c ____ ·- ______ 125 
56. Model of 3-way junction after test_ ___ . _·. _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 126 

57. Model of 13- by 9-foot wye __ ~------------------------- ______ __ 127 
58. Design of 13- by 9-foot wye____________________________________ 128 
59. Distortion of square plate caused by heat treatment __ _ _ _ _ _ _ _ _ _ _ _ _ 130 
60. Manhole design and photoelastic stress pattern _________________ . _ 133 
61. General layout of penstock and outlet tunnels ____ ._______________ 136 
62. Sections of penstocks and outlet tunnels _______ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 137 
63. Plan of Nevada tunnel-plug outlet works_________________________ 140 
64. Grouting and drainage at penstock and outlet tunnels_____________ 144 
65. Locations of anchors in lower penstock and outlet units____________ 149 
66. Locations of anchors in upper penstock and outlet units____________ 150 
67. Design of anchors l___________________________________________ 151 
68. Concrete anchorage for tunnel-plug outlet works__________________ 153 
69. Design of anchors 2 _____________ . _____ . _ . ___ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 155 
70. Design of anchors 4 of upper units______________________________ 157 
71. Design of anchors 5 of upper units______________________________ 158 
72. Design of anchors 5 of lower units __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 159 
73. Design of anchors 7 of lower units_______________________________ 161 
74. Supplemental anchors installed along headers in lower units________ 162 
75. Design of piers________________________________________________ 164 

76. Design of thrust blocks for upper units ____ ----------------------- 165 
77. Design of thrust blocks for lower units___________________________ 166 
78. Cradles used in lower Nevada unit_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 168 
79. Grain structures of steel plate samples___________________________ 176 
80. Grain structures as affected by heat treatment____________________ 177 
81. Impact-temperature relations as determined by tests______________ 182 
82. Typical stress-strain diagram for steel plates ______ . _ . ___________ . _ 186 
83. Photomicrographs of steel plates ____ ---------------------------- 188 
84. Map showing location of pipe fabricating plant ___________ ~_______ 193 
85. Fabricating plant with 13.5-foot penstock pipe in storage__________ 194 
86. Pipe sections in storage yard at fabricating plant__________________ 194 
87. Interior of fabricating plant ______ . _________ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 195 
88. Elevation and sections of fabricating plan L ___ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 196 
89. Fabricating plant layout __________________________________ ···-- 197 
90. Fifty-foot planer for planing edges of steel plates__________________ 199 
91. Twin hydraulic press for bending steel plates_____________________ 200 
92. Bending steel plate for 30-foot pipe in vertical bending rolL_______ 201 
93. Bending fillet insert in vertical bending rolL_____________________ 202 
94. Assembling and welding a primary length of 30-foot pipe__________ 204 
95. Automatic welding machine in operation on girth seam____________ 205 
96. Section of 30-foot pipe on welding frame_________________________ 206 
97. Portable X-ray machine radiographing longitudinal weld___________ 207 
98. Placing a 30-foot pipe section in stress-relieving furnace____________ 208 
99. Boring mill used for facing ends of 30-foot pipe sections___________ 209 

100. Working head of boring milL__________________________________ 210 



XX CONTENTS 

Figure Page 

101. Sketch of machine for cutting steel plate, and machine in use_______ 211 
102. Details of stiffener-ring assembly________________________________ 216 
103. Welding stiffener-ring assembly_________________________________ 217 
104. Design of bend section of 30-foot pipe__________________________ 218 
105. Fabricating a 30-foot diameter bend section_______________________ 219 
106. Assembling and welding 30-foot diameter bend sections____________ 220 
107. Design of 20- to 14-foot reducing bend__________________________ 221 
108. Hot-pressed plate for 30- by 13-foot branch connection____________ 222 
1 09. Plate assembly for 30- by 13-foot branch connection_ _ _ _ _ _ _ _ _ _ _ _ _ _ 222 
110. Welding 30- by 13-foot branch connection_______________________ 223 
111. Streamline portion of 30- by 13-foot lateraL_____________________ 223 
112. Two 30- by 13-foot branch connections nearing completion________ 224 
113. Fabricating 14- by 8.5-foot wye_________________________________ 225 
114. A 14- by 8.5-foot wye connection being tested____________________ 226 
115. Flanged ends of penstocks and outlet pipes_______________________ 227 
116. Three automatic welding machines in operation___________________ 229 
117. Bend and tensile strength specimens from welded seams_ _ _ _ _ _ _ _ _ _ _ 231 
118. Stress-strain curves for weld metaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 231 
119. Sections of 30-foot pipe in storage yard__________________________ 238 
120. Repair of section UN-9________________________________________ 240 
121. Fractures in 30-foot pipe section LN-31_________________________ 241 
122. Residual stresses in butt strap relieved by saw-cuts_______________ 244 
123. Section of 30-foot pipe being transported on 200-ton trailer________ 2.52 
124. Transferring a 30-foot bend from trailer to 150-ton cableway _ _ _ _ _ _ _ 253 
125. Section of 30-foot pipe about to be lowered into the canyon_ _ _ _ _ _ _ 254 
126. Section of 30-foot pipe being lowered into canyon________________ 255 
127. Lowering pipe section onto combination adit and tunnel car________ 257 
128. Combination adit and tunnel car, or ear-on-a-car_________________ 258 
129. Section of 30-foot pipe being moved on tunnel car________________ 259 
130. A section of header pipe at portal of adit________________________ 260 
131. Hoisting section of 30-foot pipe in inclined tunneL_______________ 261 
132. Method of assembling pipe sections in inclined tunnels____________ 262 
133. Connection of header pipe to base of intake tower_______ _ _ _ _ _ _ _ _ _ 263 
134. Assembling rig in upper-Nevada header at a branch connection_____ 265 
135. Broaching-and-pinning rig in upper Nevada header________________ 269 
136. Typical pin for field girth joint_________________________________ 271 
137. Tunnel-plug outlet manifold during construction__________________ 275 
138. Tunnel-plug outlet pipes in place ready for concrete backfilL_______ 276 
139. Typical pinned and riveted girth joints__________________________ 277 
140. Set-up for testing field girth joints______________________________ 279 
141. Bulkheads used to close penstocks not in use_____________________ 280 
142. Turbine inlet pipe-rigid type__________________________________ 282 
143. Turbine inlet pipe-slip-joint type______________________________ 284 
144. Assembly for testing thrust bars________________________________ 290 
145. Arrangement of jacks for prestressing penstocks___________________ 296 
146. Close-up of jack arrangement for prestressing 13-foot pipe______ 297 
147. InstallatioP.. for prestressing 30-foot and 25-foot headers ______ ----- 299 
148. Jacks and struts in position for prestressing 30-foot header_________ 301 
149. Location of prestress joints and typical arrangement of jacks .. ______ 302 
150. Typical closure joint and installation for prestressing______________ 306 
151. General features of design of 30-foot test bulkhead________________ 318 
152. View of bulkhead installed in 30-foot header______________________ 319 



CONTENTS ~ 

Fi(!Ure Page 

153. Surface of crack in plug drilled from pipe section UN-19___________ 323 
154. Ground and etched surface of plug from pipe section UN-19_______ 324 
155. Method of repairing defect in section UN-19_____________________ 325 
156. Strain-gage stations for pressure test____________________________ 330 
157. Stresses in 30-foot pipe during pressure test_ _____ .:_________________ 331 
158. Stresses in 25-foot pipe during pressure test______________________ 332 
159. Painting inside surface of 30-foot header_________________________ 342 
160. Interior of upper Nevada 30-foot header after painting____________ 342 
161. Interior of lower Arizona 30-foot header after painting ____ _:________ 343 
162. Interior of header at branch connection after painting_____________ 344 
163. Arrangement of station-service penstock_________________________ 350 
164. Station-service penstock connection to 13-foot penst()ck____________ 351 
165. Upper 30-foot header and walk\vay______________________________ 355 
166. Walkway and stairv.-ay at upper 25-foot header___________________ 356 
167. A lower Nevada 13-foot penstock and walk,vay _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 357 
168. General arrangement of penstock walkways______________________ 359 
169. Drain installation for 30-foot headers____________________________ 361 
170. Tunnel ventilating system______________________________________ 364 
171. Penstock tunnel safety doors___________________________________ 365 
172. General arrangement of piezometers_____________________________ 367 



XXll CONTENTS 

LIST OF TABLES 
Table Paoe 

1. Estimated duration of firm power, secondary power, and waste______ 39 
2. Estimated average annual power production_______________________ 40 
3. Estimated hydraulic losses in tentative penstock plans______________ 43 
4. Quantities used in computing friction losses_______________________ 43 
5. Comparative value of friction losses in penstock schemes____________ 43 
6. Comparative annual maintenance cost for penstock schemes_________ 44 
7. Capitalized value of hydraulic losses and maintenance costs_________ 44 
8. Loss coeffici(mts for preliminary design, model, and prototype_______ 55 
9. Results of Charpy impact tests__________________________________ 174 

10. Results of tensile tests showing effects of normalizing_______________ 175 
11. Comparative impact values, annealed and normalized specimens_____ 175 
12. Tensile values as affected by annealing and normalizing_____________ 175 
13. Tensile properties of steel plate used in impact tests________________ 180 
14. Impact values in longitudinal and transverse directions_____________ 180 
15. Impact-temperature relationship determined by tests_______________ 181 
16. Results of tests for temper brittleness______________________________ 183 
17. Physical properties of steel plates________________________________ 186 
18. Results of normalizing to increase yield strength___________________ 187 
19. Physical properties of plates illustrated in figure 83___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 188 
20. Classification and length of pipe_________________________________ 190 
21. Summary of prestressing operations in penstock and outlet units_ Facing p. 298 
22. Pressure conditions in penstock and outlet pipes___________________ 312 
23. Estimated revised weights and prices of penstock pipe______________ 373 
24. Completion dates as originally estimated and as later revised________ 377 



CHAPTER I-INTRODUCTION AND SUMMARY 

INTRODUCTION 

1. General Description.-Under normal operating conditions, water 
is released from the reservoir at Hoover Dam through four combination 
penstock and outlet units originating in four intake towers, two on 
each side of the canyon near the upstream face of the dam. From the 
base of each intake tower, water for power generation is conveyed 
downstream through a 30-foot plate-steel pipe, connecting with four 
13-foot penstocks leading to turbines in the powerhouse. The header 
from each intake tower continues beyond the penstock connections as 
a 25-foot outlet header, finally terminating in six branches with outlet 
valves whereby water in addition to that required by the turbines 
may be released from the reservoir. The four penstock and outlet 
units are installed in tunnels driven through the canyon walls; see 
figure 1. 

As indicated on page iv, the intake towers are really vertical exten
sions of the 30-foot headers of the penstock and outlet units. Their 
purpose is to provide gate-controlled inlets that may be readily closed 
against the reservoir, so that· the various penstock and outlet units 
may be unwat~red for inspection and maintenance. 

The penstock and outlet headers originating at the upstream intake 
towers, as shown in figure 1, are in part installed in the two 50-foot 
concrete-lined diversion tunnels nearest the river. These two 50-foot 
tunnels, after fulfilling their purpose for river diversion, were in part 
adapted to function as housings for the penstock and outlet headers 
by constructing concrete plugs at the ends of the sections utilized and 
connecting the upstream ends of the sections to the adjacent upstream 
intake towers by inclined 37 -foot concrete-lined tunnels. 

The penstock and outlet headers originating at the downstream 
intake towers are installed in 37 -foot concrete-lined tunnels located 
approximately 170 feet above the diversion tunnels and 80 feet nearer 
the canyon walls. In all inclined tunnels connecting the intake towers 
with the horizonta] tunnels, the pipe lines are embedded in concrete. 
In the horizontal tunnels, they are installed as detached conduits and 
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2 PENSTOCKS AND OUTLET PIPES 

are supported by piers, anchors, and thrust blocks. At their down
stream ends, where they terminate in branches leading to the control 
valves, the 25-foot outlet headers and outlet branches are embedded 
in concrete. 

As indicated in the foregoing description, the penstock and outlet 
system consists of four units, an upper and a lower unit on each side 
of the canyon. These are usually designated the upper and lower 
Nevada, and the upper and lower Arizona penstock and outlet units. 
The upper units on each side of the canyon, except for differences in 
alinement, are practically identical. This is also true of the lower 
units. 

The general plan of the dam, powerhouse, tunnels, and penstock and 
outlet system is shown in figure 1. Figure 2 is a section across the 
canyon showing the tunnels, adits, and cableway. Figure 3 shows the 
general lay-out of the intake towers, penstocks, and outlets. Figure 4 
shows the elevations of the intake towers, penstock and outlet headers, 
penstocks, and outlet pipes, also discharge curves for the turbines and 
needle valves. Figure 5 shows a view of the Nevada intake towers 
before the reservoir surface reached the elevation of their bases. 

The four penstock and outlet units are interconnected through a 
36-inch penstock, serving the two 3,500-horsepower station-service 
turbines in the powerhouse, as described in chapter XII. Any three 
penstock units, or any one of them, after being drained for inspection 
or maintenance purposes, can be filled from any unit in service, thus 
eliminating the heavy surges that would occur if they were filled 
from the intake towers. 

The penstock and outlet system, as well as the manner in which it is 
operated for releasing water from the reservoir and conveying it under 
pressure to the powerhouse and outlet valves, is illustrated in figure 6. 
In this view the canyon wall on the Arizona side is assumed to have 
been cut away, in order to reveal the principal features of the Arizona 
penstock and outlet units, including the upper and lower Arizona 
penstock and outlet units and the intake towers where they originate. 

The upper Arizona penstock and outlet unit, beginning at the base 
of the downstream intake tower as a 30-foot steel penstock header, 
connects with the powerhouse through four 13-foot penstocks, see 
figure 6. The header is then reduced in size and continued down
stream as a 25-foot outlet header, terminating in six 102-inch outlet 
pipes, each of which is controlled by an 84-inch needle valve in the 
canyon-wall outlet works. The lower Arizona unit, begi1ming at the 
base of the upstream intake tower as a 30-foot header, passes down
ward through an inclined tunnel into the inner Arizona diversion 
tunnel, thence downstream and, after connecting with the power
house through four 13-foot penstocks, is reduced to a 25-foot outlet 
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header. About 750 feet beyond the last penstock, the outlet header 
terminates in the tunnel-plug outlet works, where the header is 
divided into six 86-inch outlet pipes, each of which is controlled by a 
72-inch needle valve. Figure 7 is a typical cross section through one 
wing of the powerhouse, showing a penstock, butterfly valve, turbine, 
generator, and the more important features of auxiliary equipment. 

2. Design Studies.-The design of a penstock system, consisting of 
conduits for conveying water from the reservoir or forebay to the 
turbines, is usually based on the minimum annual cost, including 
interes't on the investment, depreciation, and power lost in friction. 
In hydroelectric developments of magnitude, involving relatively 
large quantities of water under high heads which arc subject to con
siderable variation, the determination of the most satisfactory and 
economical plan, including selection of the most desirable sizes and 
types of conduits, presents interesting and difficult problems. Should 
a conduit of relatively small size be selected for the purpose of reducing 
the cost of the development, the r~sultant loss in power due to the 
lower efficiency of the pipe line ma.y more than offset the reduction in 
annual cost. On the other hand, should a conduit of relatively large 
size be used for the purpose of increasing the efficiency of the penstock 
system, the value of the additional power obtained by the higher 
efficiency may not merit the increased investment required. 
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Providing safe and satisfactory means of maximum possible effi
ciency for conveying water from Lake ThJead to the turbines and outlet 
control valves presented one of the most difficult and important prob
lems in the design and construction of the Boulder Canyon project. 
Under most severe conditions, including water-hammer, the conduits 
are required to withstand internal pressures of approximately 270 
pounds per square inch. For the assumed minimum reservoir surface 
elevation of 1,070 feet, each turbine, at full-gate opening, passes a 
flow of 2,075 second-feet. With the maximum load on the four 
turbines and with full release from the outlet valves, each of the four 
penstock and outlet headers discharges about 3:i,OOO second-feet. No 
precedent existed for controlling such quantities of water under such 
high pressures. 

Because of the numerous unprecedented problems involved in the 
design and construction of pipe lines of the size contemplated, and 
because of the urgent necessity then existing for initiating construc
tion at the earliest possible date as a measure for the relief of unem
ployment, the speeifications were so prepared as to defer, for deter
mination by investigation and research to be carried on jointly by 
the contractor and the Bureau of Reelamation, such details of design 
as had not already been satisfactorily developed. Prior to award of 
contract and subsequent thereto, the contractor's engineering organi
zation, as well as the engineers of the Bureau, carried on a compre
hensive program of research, including mathematical analyses and 
extensive experimental investigations on models for the determination 
of stresses and details of design. 

This intensive program of research resulted in a substantial increase 
in the knowledge and data available for such designs and led to several 
important innovations in both design and construction, thus consti
tuting a distinet contribution to the field of theoretical and practical 
hydraulics as applied to the planning and installation of major 
conduit systems. Appraised in practical terms, these innovations 
not only increased the safety and efficiency of the penstock and outlet 
system, but also decreased the eost of manufacture and installation. 

As compared with the original designs, \vhich were based on the 
then accepted theory and practice, the final designs, as based on the 
results of the program of investigation and research, permitted a 
reduction of about 7.4 million pounds of metal due to the development 
of a new type of stiffener ring or ring girder, through the increased 
spacing and reduction in the dimensions of supports and butt-strap 
joints thus made possible. 

3. Special Features.-A notable feature in the fabrication of the 
pipe and appurtenances included in the penstoek and outlet system 
was the use of fusion welding to the praetical exclusion of older and 
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previously accepted methods of joining steel plates, such as riveting 
and forge welding. But for the practical perfection that had then 
been recently attained in the art of fusion welding, together with the 
special precautions adopted to insure the utmost safety on the Boulder 
Canyon project, the construction of pipe and appurtenant fittings of 
the size used at Hoover Dam would have been impossible. 

After an exhaustive investigation of the process, fusion welding was 
adopted with such stipulations in the specifications as necessary to 
insure (1) positive metallurgical control of the quality of the weld 
metal, including its chemical and physical properties; (2) rigid inspec
tion by X-ray methods for the detection of defects within the welds; 
and (3) the elimination by thermal treatment of excessive stresses 
developed in the steel by bending and welding. 

Other interesting and novel features of the penstock and outlet 
system are the field girth joints, which obviated the necessity for 
welding and stress relieving in the tunnels; the method of support, 
consisting of a stiffener-ring assembly to which the supporting brackets 
are attached; the special fittings, such as the 30- by 13-foot streamline 
wye branch connections, ·with tie rods, and the 25- by 13-foot, three
way junctions; and the prestressing of the pipe, which eliminated the 
necessity for expansion joints. 

4. Purpose of Bulletin.-The purpose of this bulletin, as well as 
the purpose of the other bulletins of the series relating to the Boulder 
Canyon project, can probably be best and most concisely stated in 
the words of the engineers and geologists of the Colorado River Board. 
In their report of November 19, 1932, concerning the subject Research 
and Publication, they state: 

The unprecedented nature of this great work has created the necessity for 
extensive research in order to secure information necessary to the solution of 
many problems that have not hitherto been of equally vital importance. In this 
connectiOn there have been developed new methods of procedure and an unusual 
refinement of technique not ordinarily possible in work of less magnitude. The 
magnitude of the structures and the importance of utilizing every advantage in 
the proper control of the immense forces to be imposed, together with the severe 
conditions under which operation must be conducted, have led to refinements in 
methods of analysis and design which had not previously been developed. 

This vast amount of valuable information which is accumulating during the 
design and construction of the work should be published in order that the advances 
made in the methods of study and design may not be buried or lost. This informa
tion would then be available for future similar work, eliminating duplication of 
the effort and expense which in work of less magnitude would be impossible. 

SUMMARY 

5. Design of Pipe.-Figures 8 to 11, inclusive, show the design of 
the four penstock and outlet units. The design of the pipe shell, 
including such appurtenant features as erection girth joints, stiffener 
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rings, and supporting brackets, as well as the design of special fittings, 
such as branch connections and wyes, involved a comprehensive pro
gram of investigation, including extensive experimental work on 
models as described in chapters II, III, and IV. 

The 30-foot headers of the lower units are subjected to a maximum 
head, including water-hammer, of 619 feet; the 25-foot headers, to a 
maximum head of 623 feet; and the 13-foot penstocks, to a maximum 
head of 627 feet. In computing the thickness of the steel plates for 
the pipe shell, a working stress of 18,000 pounds per square inch was 
used, resulting in a maximum shell thickness of 2% inches for the 
30-foot pipe, 2J{6 inches for the 25-foot pipe, and IJ{6 inches for the 
13-foot pipe. 

Since the pipe sections were too large for transportation by railroad, 
a fabricating plant was erected near the dam site. The steel plates 
and structural shapes, as received from the rolling mills, were made up 
into pipe sections of lengths that could be conveniently moved into 
the tunnels and installed as integral parts of the penstock and outlet 
system. 

The erection girth joint, used in connecting the portable fabricated 
pipe sections, was devised for the purpose of obviating welding and 
stress relieving in the tunnels, these operations being impracticable in 
the tunnels because of space limitations and temperature conditions. 
The girth joint is a butt-strap joint wherein the projecting butt strap, . 
welded around one end of each section of pipe as fabricated in the field 
shop, is connected to the mating end of the adjoining section by means 
of cold-driven steel pins. 

The unusual size and weight of the penstock and outlet headers, in 
conjunction with the limited space in the tunnels, presented a difficult 
problem in the design of pipe stiffeners and supports. The problem 
was solved by the development of a specially rolled fillet insert, which 
forms an integral part of the pipe shell at or near the midpoint of each 
fabricated section and is also incorporated into the stiffener ring. To 
the stiffener-ring assembly or ring girder thus formed, supporting 
brackets are attached for transmitting the load to the piers. 

One of the most difficult of the numerous problems encountered and 
one of the most important as a factor in the success of the penstock 
system was the design of the connection between the 13-foot penstocks 
and the 30-foot penstock and outlet headers. Extensive research in
volving experimental investigations with pyralin and steel models, 
both of individual branch connections and of complete header and 
penstock assemblies, finally led to the development of a streamline 
branch connection with tie rods. 

6. Properties of Steel.-As described in chapter VI, high-strength 
steel was specially developed for use in the penstock and outlet sys-

8191350-49-3 
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tern. A minimum yield strength of 38,000 pounds per square inch 
and a minimum elongation of 12 percent in 8 inches were specified. 
The yield strength of firebox steel plate, theretofore in general use for 
pipes under similar service, was about 27,000 pounds per square inch. 
Summarizing the chemical analyses of a large number of representa
tive specimens, the typical steel plate showed a carbon content of 0.35 
peiTPnt, a manganese content of 0.71 percent, and a silicon content 
of 0.18 percent. 

One tension specimen, cut longitudinally from each plate as rolled, 
and one bend-test specimen, cut transversely, were taken for testing. 
The physical properties as summarized from the tests ranged as fol
lows: yield strength, 38,000 to 42,700 pounds per square inch; ultimate 
tensile strength, 76,000 to 83,000 pounds per square inch; elongation 
in 8 inches, 24.5 to 27 percent; reduction of area, 39.5 to 46.8 percent. 

7. Fabricating Shop.-The large size of most of the pipe precluded 
the possibility of shipping fabricated sections from the factory and 
made it necessary to erect a completely equipped fabricating shop on 
the project, as described in chapter VII. The building, now used in 
connection ·with. the operation and maintenance of the project, is a 
steel-frame structure, 520 feet long, 93 feet wide, and 55 feet high to 
the roof trusses. It is covered with galvanized steel sheeting and 
glazed steel sash. 

The principal items of equipment, several of which had to be spe
cially designed and constructed, included the following: Three 75-ton 
overhead traveling cranes; one 75-ton steam track crane; one 50-foot 
planer; one 3 ,000-ton twin hydraulic press; one 12.5-foot vertical 
bending roll; 13 automatic, tandem, arc-welding machines; three 
300,000-volt X-ray units; one 300,000-pound testing machine; one 
30-foot horizontal boring mill; and one 30-foot drilling machine. The 
fabricating plant also included a stress-relieving furnace, with a heat
ing chamber. 41 feet long, 36 feet wide, and 30 feet high; and a com
pletely equipped laboratory for testing steel and for developing, 
examining, and filing X-ray films. 

8. Size of Plates.-vVithin the limitations imposed by manufactur
ing and transportation facilities, the steel plates for the pipes of various 
sizes were made of such lengths as to minimize the number of longi
tudinal joints in the pipe. The width of plate in each case was 
usually equal to one-half the length of the fabricated pipe section 
wherein the plate was to be used, not including the fillet insert. 

Before shipment from the mill, the plates were torch-cut to the 
required dimensions with an allowable tolerance of x6 of an inch across 
the diagonals. All plates for the 30-foot pipe were shipped in such 
lengths that three plates, assembled end to end and butt-welded to 
form a circle after being rolled to the proper curvature, formed a pri-
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mary length of pipe, or pipe course. Two plates of the required length, 
similarly rolled, assembled, and welded, formed a primary length of 
25-foot pipe. One plate each was required for primary lengths of 
13-foot and 8.5-foot pipe. 

Plates of maximum thickness were 379 1 ~{ 6 inches long for the 30-
foot pipe, 474 2%2 inches long for the 25-foot pipe, and 494%2 inches long 
for the 13-foot pipe. The maximum width of the plates was approxi
mately 12 feet (140 inches), which was the limiting width at the rolling 
mill, as well as the maximum permissible in railway transportation. 
The thickness of the plates ranged from 11X6 to 2% inches for the 30-
foot pipe; from 1% to 2Ms inches for the 25-foot pipe; from 1M6 to H{ 6 

inches for the 13-foot pipe; and from% to Os inches for the smaller pipe. 
The largest plates of maximum thickness weighed approximately 21 

tons each, two of them making a carload. The distance from the 
rolling mill at Gary, Ind., to the darn site is about 2,000 miles. The 
penstock and outlet system required about 45,000 tons of steel plates 
and structural shapes, making more than a thousand carloads. 

9. Fabrication of Pipe.-The procedure used in fabricating sections 
of 30-foot pipe of maximum shell thickness, which is typical of the 
method followed in making sections of the 25-foot and 13-foot pipe, is 
herein described. The steel plates, each of which for the 30-foot pipe 
was approximately 31% feet long, 8 to 12 feet wide, and up to 2% inches 
thick, having been marked previously for identification and machining, 
were first put through the 50-foot planer where the edges were ma
chined as required to form welding grooves. The plates were next 
rolled transversely to the proper curvature by means of the hydraulic 
press and the vertical bending roll. The three plates for each primary 
length of pipe were then assembled on a framework and tack--welded. 

The longitudinal joints of each primary length of pipe were welded 
by an automatic welding machine, after which two such lengths were 
assembled with a stiffener-ring assembly between. The three mem
bers were then welded together to form a portable section of pipe 
varying in length from approximately 17 to 23 feet. An overlapping 
butt strap was then shrunk on and welded around one end of the 
section, to form the bell end; and a reinforcing ring was shrunk on 
and welded around the pipe ncar the other or spigot end of the section. 

After the fabricated section of pipe had been treated in the stress
relieving furnace for the elimination of excessive stresses developed in 
bending and welding, the ends of the section were accurately machined 
so as to insure a perfect fit. The pin holes were then drilled undersize, 
and the fit of adjoining sections was checked by teinplates to make 
sure that no trouble would be experienced in erecting them in the 
tunnel. 
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10. Welding of Joints.-As required by the specifications, all longi
tudinal joints and shop-welded circumferential joints were welded with 
automatic welding machines by a process that excluded the atmos
phere from the metal while in its molten state. The welding technique 
accomplished complete fusion with the plates, produced welds free 
from unsound metal or cracks, and insured uniform distribution of 
lo~;td throughout the welded section, with no tendency to produce 
eccentric loading, shear, or distortion in the weld or the metal adjacent 
thereto. The tensile strength of welded joints was required to be not 
less than 190 percent of the yield strength of the adjoining steel plates. 

Heavy flux-coated electrodes in 8- to 12-foot lengths, with threaded 
joints, were used in order to eliminate interruptions for rod changes. 
Each deposit of weld metal was chipped clean of slag, wire-brushed, 
and cold-worked by peening before the succeeding deposit was applied. 
The heavy 30-foot pipe sections included circumferential joints that 
required the deposition of approximately 800 pounds of weld metal. 
In depositing this quantity of metal, welding was sometimes continued 
for periods as long as 36 hours without interruption. 

The fabrication of the portable sections for the pipes of the pen
stock and outlet system required approximately 440,000 feet of welded 
seams, for which a total of 999.8 tons of electrodes was used. In 
compliance with the requirements of the specifications, employment 
of welders was restricted to those who could meet the qualification 
test for welders as specified in the rules for the fusion process of 
welding, class I, of the A. S. M. E. Boiler Construction Code, Un
fired Pressure Vessel Section. 

11. Radiographic lnspection.-As required by the specifications, 
after completion of a portable pipe section every portion of each welded 
joint in the pipe shell was radiographed by X-ray apparatus, for the 
detection of internal defects, such as slag inclusions, cracks, porosity, 
incomplete fusion, or blowholes. 'I'his work was done with apparatus 
of sufficient power, and with such technique, as to show and quanti
tatively determine the size of a defect with a thickness greater than 2 
percent of the thickness of the plate. Any defective welding dis
closed was removed and the parts rewelded and again radiographed, 
repeating the process, if necessary, until a satisfactory weld was 
secured. 

Three special, portable X-ray units, operating at 300,000 volts, 
with an alternating current of 10 milliamperes, were used on the project 
for this work. Approximately 51 miles of X-ray film were used in 
radiographing and checking the welded joints. 

12. Stress Relieving.-Upon certification that the radiograph in
spection and the density, bending, and strength tests had shown the 
welding to be satisfactory, each fabricated section of pipe was sub-
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jected to thermal treatment in the stress-relieving furnace, for the 
elimination of stresses developed during bending and welding. 

In the stress-relieving operations, the pipe sections were heated 
uniformly, the temperature being gradually increased to approximately 
1,150° F., which was maintained for 1 hour per inch of pipe-shell 
thickness. The furnace was then cooled to 500° during a 3-hour 
period, after which the pipe wa.s removed from the furnace. After 
cooling, the ends of each pipe section were machined and the pin 
holes drilled undersize, sec section 9. 

. 13. Transportation and Erection.-Moving the pipe sections, many 
'
1 

of them 30 feet in diameter and about 24 feet long and some of them 
weighing approximately 190 tons each, from the shop to their places 
in the tunnels and installing them as parts of the completed penstock 
and outlet system, presented many unusual problems in transportation 
and erection. The problems were solved by the design and construc
tion of special equipment of unprecedented size and capacity. 

The contract for the construction of the penstock and outlet pipes 
provided that the Government should transport the fabricated sections 
from the shop to the tunnel adits. This work, however, was delegated 
to the contractor on the construction of Hoover Dam, in accordance 
with an order for extra work, the Government supplying the necessary 
equipment. For moving pipe sections from the shop to the Nevada 
rim of the canyon at the dam site, a specially constructed trailer, 
having a capacity of 200 tons, was provided. 

From the landing on the canyon rim, the sections were lowered into 
the canyon ~nd to the adit of the tunnel in which they were to be 
installed by the 150-ton cableway which was constructed by the Gov
ernment as a permanent feature of the project. This cableway, 
spanning the canyon at the do\vnstream end of the powerhouse, is 
1,256 feet long, with a track consisting of six 3}6-inch, 6 by 37 parallel 
cables, spaced at 18}6-inch centers. 

Cars of special design were used to move the fabricated sections 
through the tunnel adi ts and to their final places in the tunnels. As 
required· by the specifications, cars for moving pipe sections in the 
tunnels were so constructed as to provide vertical, lateral, and rotative 
movement of the pipe. 

After being moved as nearly as possible into final position with the 
tunnel car, the pipe section being installed was drawn forward by a 
specially constructed assembling rig, described and illustrated in 
chapter VIII, and placed in such a position that the pin holes accu
rately coincided with those of the section previously erected, the butt 
strap of the previous section having been expanded by heating to 
permit entrance of the section being installed. The pin holes, which 
had been drilled undersize in the shop, were then redrilled to a diameter 
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7~2 of an inch less than the diameter of the pin and countersunk. The 
holes were next broached to the nominal diameter of the pin; then the 
pins, larger than the pin holes by 0.001 inch per inch of the nominal 
diameter of the pin, were forced into place by the broaching-and
pinning rig with which a force of 50 tons could be exerted. 

These pins are from 1_% to 3X 11 inches in diameter and from 2~ to 
6% inches long, depending on the thiclrness of the pipe shell. The 
aggregate weight of the 149,000 pins used in making the field girth 
joints was 486.6 tons. 

As the final operation in making the field girth joints, the pins were 
locked securely into place by trepanning a groove around the head of 
each pin and forcing the metal on the inner side of the groove into the 
tapered recess under the head of the pin. After calking the b~t 
strap at its outer edge and the abutting ends of the pipe sections, the 
pinned joints were tested by applying soapsuds between the butt 
strap and the spigot end of the section just erected, using pressures of 
300 and 600 pounds per square inch in the upper and lower penstock 
units, respectively. 

14. Prestressing.-Investigations indicated the desirability, as well 
as the feasibility, of eliminating expansion joints in the penstock and 
outlet system. Two methods of closure to remove the necessity for 
expansion joints were considered. One method involved final closure 
of the pipe with the temperature of the shell equal to the minimum 
that will ever occur under working conditions. The other method 
involved contracting the pipe by axial compression an amount equal 
to the contraction which would normally occur as the shell temperature 
decreases from closing temperature to minimum temperature. 

Investigations showed tha.t the temperature range of the pipe, 
under operating conditions, would be from 40° to 80° F.; and that 
it would be necessary to install the pipe, or to make closure, with the 
pipe at a temperature of 45 °. Comparative estimates of the cost of 
attaining the desired conditions for closure by each of the two alterna
tives, cooling the pipe to 45° or attaining the same result by mechanical 
prestressing, showed that the latter plan would be less expensive, 
require less time, and involve less interference with other features 
of construction. 

The compressive force for contracting the pipe was developed by 
use of ratchet-operated screw-jacks, placed completely around the 
pipe as described and illustrated in chapter IX. For the upper Nevada 
30-foot penstock header, 142 jacks, each with a capacity of 50 tons, 
were used to develop the required compressive force of approximately 
17,000,000 pounds. 

15. Testing, Cleaning, and Painting.-Following erection, each unit 
of the penstock and outlet system was tested at a pressure approxi-
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mately 50 percent in excess of the working pressure plus water-hammer, 
as described in chapter IX. No leaks of any consequence developed 
during the tests. A few small leaks developed around some of the 
pins at some of the girth joints, but all leaks were readily stopped by 
additional calking under full working head. 

After the pressure test was completed, the temporary priming coat 
applied upon completion of fabrication was removed from the inside 
surface of the pipe by sandblasting. A new coat of bituminous primer 
was then applied to the inside surface, and finally a coat of coal-tar 
enamel, as described in chapter XI. The outside surface was cleaned, 
the red-lead priming coat applied in the shop was repaired, and two 
coats of aluminum paint were applied. 
~16. Chronology.-The contract for the manufacture and installa

tion of the penstock and outlet pipes was awarded July 9, 1932, and 
the contractor began work August 11, 1932. The fabricating plant, 
representing a cost of approximately three-fourths of a million dollars, 
was completed l\1arch 1, 1933. Fabrication of pipe was started April 
23, 1933, and completed in November 1935. The work of erection 
was started January 1, 1934. The upper Nevada unit was tested in 
December 1935. The lower Nevada, lower Arizona, and upper Arizona 
units were tested in April, l\!Iay, and July of 1936, respectively. All 
work covered by the contract was completed in September 1936. 

17. Personnel.-In addition to the organization listed on page vi, 
the principal engineers who assisted in the design and construction 
of the penstock and outlet pipes were as follows: The penstock studies, 
designs, and the approval of the contractor's drawings were conducted 
under the immediate supervision of P. J. Bier. Studies and designsof 
the penstocks and auxiliary equipment were made by 0. L. Riee, 
M. E. Nantz, J. B. Kalbfus, C. M. Black, B. A. Halliday, Fritz Heid
inger, l\1. B. Karelitz, R. P. LeBaron, l\1. A. Seiler, C. J. Stenson, 
W. H. Strange, F. C. Tyrrell, F. M. Watkins, :NL C. Lynch, and 
V. F. "\Vetmore. 

The hydraulic and power studies were made by W. E. Blomgren 
and the late Charles Voetsch. Photoelastic stress studies, condueted 
in connection with the investigations and designs, were made by 
J. H. A. Brahtz. The theoretical analyses and laboratory tests, 
carried out under the supervision of R. E. Glover, were made by A. 
W. Adkins, C. C. Christensen, Lawrence Langford, F. D. Mont
gomery, N. G. Noonan, John Parmakian, D. C. Seeley, Theodore 
Brand, and D. 0. Ehrenburg. Hydraulic studies of test data obtained 
on models and prototype were made by S. P. Wing. 

The inspection of prestressing and pressure testing was done by 
C. A. D. Young and John Parmakian. G. L. Yetter, assisted by 
H. L. P. Stewart, Victor Barth, E. M. Craig, B G .. Davis, and M. 0. 
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Dodge, was charged with the inspection of pipe fabrication and 
installation operations. 

For the contractor, the work on the project was under the general 
supervision of Isaac Harter, vice president of the company, assisted 
by H. R. Byers, district representative at Denver, Colo. J. E. Trainer 
was general superintendent; R. S. Campbell, project superintendent, 
and B. T. Kehoe, plant superintendent. Mr. Campbell resigned in 
October 1934 and Mr Kehoe was made project superintendent. 
Dr. S. C. Hollister was consulting engineer for the contractor. Dr. 
W. B. Klemperer made a study of the vibration of tie rods as described 
in chapter II. 

The original draft of this report was amplified and rewritten by P. 
J. Bier and Charles A. Engle. Drawings included as illustratious 
were prepared for publication by R. A. Kotasek and R. H. Williams. 
The manuscript was edited and checked by Edwin Rose and E. H. 
Larson. 
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CHAPTER II-HYDRAULIC AND ECONOMIC 
STUDIES 

INTRODUCTION 

18. Conditions and Requirements.-In practical terms, an impor
tant objective of the Boulder Canyon project is the development of 
the maximum amount of hydroelectric po\ver economically possible 
without interfering with the major purposes of the project. As 
stated in the foreword, the purposes of the project are: (1) flood and 
silt control; (2) improvement of navigation; (3) storage of water for 
irrigation and municipal use; and (4) development of electric power. 

The estimated flow of Colorado River at the site of Hoover Dam, 
based on reliable records at Yuma, Ariz., beginning with 1902, has 
ranged from a maximum of 210,000 second-feet on June 26, 1920, to 
a minimum of about 1,000 second-feet on August 26, 1934. The 
maximum flow within the period the river has been known to civil
ized man, beginning in 1856, is believed to have occurred in the 
summer of 1884 and is variously estimated at from 250,000 to 350,000 
second-feet. 

A study of stream-flow records indicated that it would be necessary, 
for purposes of adequate flood control, to provide for a discharge of 
at least 100,000 second-feet through the penstock and outlet system 
with the reservoir surface at elevation 1,150. It is assumed, as a 
result of the control provided by the dam, that the maximum prob
able future flow of the lower Colorado River will be about 100,000 
second-feet, that the regulated minimum flow will be about 8,000 
second-feet, and that the reservoir surface will fluctuate from a 
maximum elevation of 1,232 to a minimum elevation of about 1,000, 
sea-level datum. 

Comprehensive studies indicate that for 86 percent of the time all 
water released from the reservoir will be used for the development of 
power; namely, firm and secondary power for 59 percent of the time 
at a load factor of 55 percent, and firm power only for 27 percent of 
the time at a load factor of 42 percent. Accordingly, it is imperative, 
on the basis of economic considerations, that hydraulic losses be held 
to a minimum under conditions existing during the 86 percent of the 
time when all water released is used for power developn1ent. 

19 
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During the 86 percent of the time when all water is used to develop 
power, the reservoir surface will fluctuate between elevations 1,071 
and 1,221. The estimated average net head on the turbines will 
vary from a minimum of 410.5 to a maximum of 566.7 feet; and the 
estimated maximum discharge through each of the four 30-foot pen
stock headers, based on computations for the lower Arizona penstock 
and outlet unit, will range from 8,180 second-feet at minimum head 
to 5,860 second-feet at maximum head. The approximate total 
maximum discharge of the four units of the penstock and outlet 
system will vary from 32,720 to 23,440 second-feet, with velocities in 
the 30-foot headers of from 8.3 to 11.5 feet per second, and velocities 
through the 13-foot penstocks of from 11.0 to 15.4 feet per second. 

During the remaining 14 percent of the time, water will be dis
charged through the outlet valves in addition to the turbines. Hence, 
hydraulic losses under conditions then existing are of no consequence. 
The estimated total discharge of the four penstock and outlet units 
with the reservoir surface at elevation 1 ,221.4, assuming that all 
turbines are operating at full capacity and that all outlet valves are 
fully open, is 121,560 second-feet; 91,000 second-feet for the 24 outlet 
valves and 30,560 second-feet for the turbines. 

It is assumed that the turbines may be operated at a maximum 
static head of 590 feet and a minimum static head of 360 feet. Each 
turbine is provided with an automatic relief valve having a discharge 
capacity of 80 percent of the turbine capacity. Pressure rise due to 
water-hammer was computed on a basis of turbine gate closure in 5 
seconds. The maximum head and pipe shell thicknesses for the various 
headers and penstocks are as given in sections 41 and 42. 

The unusual size and weight of the pipe required for the penstock 
and outlet system, as well as other considerations, made it necessary 
to fabricate the pipe at the dam site in sections of such length as could 
be conveniently moved into the tunnels and erected. 

19. Development of Plan.-The four 50-foot tunnels used for con
veying the river around the site during the construction of Hoover 
Dam were so located and constructed that when no longer required 
for diversion purposes they could be incorporated into permanent 
features of the project, the two tunnels nearest the canyon to be used 
in connection with the penstock and outlet system. Since construc
tion work was initiated at a much earlier date than had been antici
pated and was expedited as a means of relieving unemployment, many 
details concerning the actual utilization of the tunnels in connection 
with the penstock and outlet system had not been worked out at the 
time the tunnels were constructed. 

Having been designed primarily as units of the diversion system, 
the two inner tunnels were considerably larger than required if used 
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directly as conduits connecting with the penstocks and outlet valves. 
Among the various tentative schemes considered in the design of the 
penstock and outlet system, involving the utilization of the inner 
diversion tunnels, were: (1) the use of the tunnels, either as originally 
constructed or with an additional lining of reinforced concrete or steel, 
as penstock and outlet headers to be connected to the powerhouse and 
to the outlet valves by steel-lined branch tunnels; and (2) the use of 
the tunnels as housings for steel pipe conduits. 

Although some consideration was at first given to the possibility 
of using the inner diversion tunnels for penstock headers, this idea 
was abandoned when it was found that the water pressures might 
cause fractures in the rock and consequent leakage. Stress analyses 
showed that, assuming the lateral strength of the rock as negligible 
because of the proximity of the canyon walls, there would be tension 
stresses in the crown and invert of the tunnel numerically equal to the 
vertical compressive stresses caused by the rock overburden. In the 
50-foot tunnels, the maximum tangential tension at the crown and 
invert resulting from mass forces alone, with no internal water pres
sure, would be about 475 pounds per square inch. vVith an internal 
water pressure of 250 pounds per square inch, the total tension stress 
in the rock would be increased to about 725 pounds per square inch, 
which obviously could not be considered safe. 

Tension stresses of such magnitude probably would cause longitu
dinal fissures in the concrete lining and in the surrounding rock at the 
crown and invert of the tunnels. These fissures would be progres
sively increased by the water pressure on the newly exposed surfaces 
until some point of relief was reached, possibly involving excessive 
leakage and danger to the project. Investigations demonstrated that 
it was not economically feasible to increase the thickness of the 
concrete lining and to reinforce it as a protection against leakage. 

Lining the tunnels with plate steel was also investigated. It was 
found that a steel lining of sufficient thickness to resist rupture due to 
the expansion of the tunnels under full pressure would be approx
imately as thick as that which would be required without the rock 
backing. Investigation was also made of steel-lined tunnels with a 
packing of asbestos or rubber between the steel and the concrete lining 
of the tunnel. This would have permitted the use of a considerably 
thinner steel plate, but the practicability of the scheme was considered 
doubtful. 

The investigations led to the adoption of the general plan involving 
the construction of steel pipe lines within the tunnels. This plan, in 
addition to being less expensive than any other practicable plan, has 
the advantage of accessibility from the outside which greatly facilitated 
installation and also simplifies operation and 1naintenance. 



PENSTOCKS AND OUTLET PIPES 

A study of reservoir discharge requirements for the proposed power 
development and for flood regulation indicated that four :iO-foot steel 
pipes, installed in tunnels as detached conduits, would satisfy the 
demand. Investigation of hydraulic conditions, including water
hammer, also showed that, assuming the use of high-strength steel 
plates with longitudinal joints so welded as to equal the plates in 
strength, the maximum plate thickness would not exceed 2% inches. 

The many unusual and practically unexplored problems involved 
in the design and construction of steel penstock headers of such 
unprecedented size caused apprehension on the part of many engineers 
and manufacturers as to the structural feasibility of the plan. This 
suggested the necessity, in the interest both of safety and economy, for 
investigating the possibilities of alternative designs, some of which 
should be within the customary limits of fabrication and transporta
tion. 

As a result of extensive preliminary studies devoted to the general 
plan of the penstock and outlet system, including consideration of 
every alternative that the conditions suggested as being practicable, 
three plans, each providing for the use of welded steel pipe, were 
tentatively adopted for detailed investigation. Each plan involved 
the use of the two inner diversion tunnels, as well as two specially 
constructed tunnels at a higher elevation, one on each side of the 
canyon, as housings for the penstock and outlet headers. 

The first plan contemplated four 30-foot penstock and outlet 
headers, each with four 13-foot penstocks leading to the powerhouse, 
and a 25-foot outlet header continuing downstream and terminating 
at the outlet valves. The second plan provided for four units, each 
consisting of seven 13-foot conduits, four of which were penstocks and 
the other three, outlet pipes. The third plan provided for four units, 
each consisting of four 17.5-foot headers, with 13-foot penstocks to the 
powerhouse and smaller conduits extending to the outlet valves. 

Comparative studies and experimental investigations of the three 
plans soon reached the stage where they indicated the first plan to be 
most satisfactory on the basis of hydraulic efficiency. However, 
because of the questions regarding the structural practicability of the 
plan and because there was but comparatively little difference in the 
cost estimates, drawings and specifications were prepared and bids 
invited on each of the three plans. In the specifications, the three 
plans in the order in which they are herein described, are designated 
schedules 1, 3, and 5. 

The specifications held the contractor responsible for the structural 
adequacy of all special fittings, such as branches, bends, and certain 
other features not shown in detail on the drawings. The contractor 
was required to submit for approval detailed drawings of all such 
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special fittings. Each bidder was required to make and test models 
of the more important fittings, and to submit a record of the model 
tests with his bid. The contractor was required to make and to test 
such additional models as might be deemed necessary. 

On the basis of the bids received, taking into consideration the 
total capitalized value, including interest at 4 percent and deprecia
tion at 1. 78 percent, of the power represented by hydraulic losses, 
and of the annual maintenance cost of each of the three tentative 
plans, a contract was awarded the Babcock & 'Vilcox Co. July 9, 
1932, for the fabrication and installation of the penstock and outlet 
system as contemplated under schedule 1, established as the most 
economical both by the bids and by preliminary engineering esti
mates, for the estimated sum of $10,909,000. This did not include 
the cost of freight on steel plates from the mill to the fabricating shop 
at the dam site, nor the cost of moving the completed pipe sections 
from the shop to the tunnels wherein they were to be installed. These 
two items represented an additional expenditure of approximately a 
million dollars. 

As contemplated by the specifications, extensive experimental 
investigations were made by the contractor, under the general direc
tion of the Bureau of Reclamation, for the purpose of developing the 
most satisfactory plans for the penstock and outlet pipes. At the 
same time, hydraulic and structural investigations, as well as com
prehensive economic studies, 'vere made by the engineering staff of 
the Bureau for the same purpose. The more important of the studies 
and investigations are described in this and succeeding chapters. 

HYDRAULIC STUDIES 

20. Thoma's Experiments.-In beginning the studies for the design 
of the Hoover Dam penstock and outlet system, it was found that 
although extensive experimental studies had been made of losses in 
straight pipes and loss coefficients had been well established, com
paratively little research had been devoted to the more difficult 
problems concerning losses at branch connections and bends. The 
question of losses at branch connections was of special importance 
in the design of the Hoover Dam penstock system, since it was readily 
apparent that the 30- by 13-foot wyes would involve relatively large 
losses. 

A study of the literature on the subject showed that the only 
extensive experiments theretofore made in an effort to determine 
losses in branches and bends were those conducted at the Hydraulic 
Institute of the Technical University of Munich, Germany, under the 
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direction of Professor Thoma. 1 Thoma's work on bends included 
tests of pipe with both rough and smooth walls and with a variety of 
miter bends involving single and multiple deflection angles, as well 
as bends of continuous curvature. Presumably the tests were made 
with considerable care. They had been generally accepted by engi
neers as authoritative, having been made for the purpose of advancing 
hydroelectric development. 

The branch arrangements tested at the institute included the inter
section of cylinders of various diameter ratios, also the intersection 
of the main cylindrical conduit with branches having conical reducers 
at the junctions. The included angles of the conical portions varied 
from 12X to 13%0

, and the lengths from 2 to 3X times the diameter of 
the branch pipes. Some loss coefficients were obtained for branch 
connections with rounded edges at the intersection of the main and 
branch conduits. Measurements of losses were made on the various 
types of connections, using 45°, 60°, and goo deflection angles between 
the main and branch conduits. 

The loss coefficients were found to vary considerably with changes 
in the ratio of the quantities flowing in the main and branch pipes. 
The experiments were mostly performed with pipes of 43-milliineter 
inside diameter for the bends and main conduits of branch connec
tions. Studies were made for maximum velocities of some 20 feet per 
second, giving Reynolds' numbers up to a little over 225,000. Pro
fessor Thoma observed that while, in general, the loss coefficient 
decreases with increasing Reynolds' number, the changes are not very 
great for Reynolds' numbers above 225,000 and little error will be 
made if these coefficients are used for pipes having higher Reynolds' 
numbers. 

A bend or branch outlet in a pipe, as found by these experiments, 
will cause an increase in the frictional resistance of the succeeding 
straight pipe for as far as 20 to 50 diameters downstream. The 
experiments further established the relative losses due to rough and 
smooth walls and the most efficient Rjd ratios for bends with various 
deflection angles. Thoma justified the use of his data for the design of 
large conduits on the ground that for a given form and relative 
roughness of walls, the losses are dependent only on the value of the 
Reynolds' number. 

The results of the experimental investigations at the Technical 
University of Munich, which were confirmed in all essential particulars 
by model experiments made in connection with studies for the design 
of the Hoover Dam penstock and outlet pipes, clearly show: 

1. That branch connections at deflection angles of 45 to 60° 
are more efficient than those at goo. 

J Thoma, D., Hydraulic Losses in Pipe Fittings: Transactions of the Tokyo Sectional Meeting, World 
Power Conference. Toyko, 1929. 
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2. That a conical branch connection is more efficient than a 
straight connection or one with rounded edges. 

3. That losses in a branch connection depend on two factors: 
(a) the ratio of the amount of water diverted into the branch to 
the quantity in the main conduit just above the branch; that is, 
QP/Qc, and not on the respective velocities; and (b) the ratio of 
the diameter of the branch to the main conduit, or DP/Dc. The 
influence of these ratios is to reduce the losses when the ratio 
QP/Qc decreases and when the ratio DP/Dc increases. 

As shown by the results outlined in the foregoing paragraph, the 
experiments by Thoma indicate the desirability of keeping the branch 
diameter as large as practically possible, and of using a conical connec
tion with rounded edges at the upstream side of the branch. Rounded 
edges at the downstream side of the branch were found to be more 
injurious than helpful. Thoma's tests were made with branches 
deflecting from the main conduit at angles of 45°, 60°, and 90°, and 
with conical and straight connections with square and rounded edges. 
For conical connections, the losses were about the same for angles 
between 45° and 60° for given ratios of DP/Dc and QP/Qc. A branch 
deflecting at about 60° is therefore the logical one on the basis of 
mechanical considerations. 

Because of space limitations, a deflection angle of 75° was finally 
adopted for the Hoover Dam penstocks. The most favorable flare 
for the conical connection was found to be 12° and 40 minutes. In 
the final design, 13°, or 6° and 30 minutes between side of cone and 
center line, was used. The losses as determined by the experiments 

2 

accord with the formula h=K ~g where vis the velocity in the main 

conduit just ahead of the branch. They indicate the desirability of 
keeping v as low as practically possible and maintaining the same 
conduit diameter until the branches or penstocks are all diverted. 

21. Model Investigations.-Extensive model investigations of parts 
of the intake tower and penstock assembly, including studies of flow 
conditions and losses in a tentative design of the 30- by 13-foot wye 
connecting the penstocks to the headers, were made by the Bureau 
of Reclamation. The tests are described in bulletin 2 of part VI, 
Hydraulic Investigations, entitled Model Studies of Penstocks and 
Outlet Works. Consequently, only a few of the more important 
results and conclusions are summarized herein. 

Qualitative and quantitative tests were made on a 1:36 scale mode 
of the 30- by 13-foot wye, with the branch inclined downstream at a 
deflection angle of 75° from the header. Visual tests, made to deter
mine the flow pattern for different combinations of flow in header 
and branch and to ascertain the location and extent of eddies and 



26 PENSTOCKS AND OUTLET PIPES 

disturbances for varying ratios of branch discharge to header dis
charge, led to the conclusion that the location and volume of eddy 
zones arc independent of the total discharge. It was also concluded 
that the dimensions of zones of disturbance in the branch are dependent 
only on the ratio of the discharges in the header and branches. 

Quantitative tests, having for their principal purpose the deter
mination of the loss in the junction and the exploration of the possi
bility of increasing the hydraulic efficiency of the junction by the 
installation of filler blocks calculated to prevent or reduce eddies or 
disturbances, led to the conclusion that the use of filler blocks pro
duces no material improvement in the efficiency of the branch con
nection. 

A comparison of the results obtained by Thoma with those 
obtained by the Bureau of Reclamation on geometrically similar 
junctions of different size indicates that junction losses decrease as 
the size of the model is increased. The increased loss indicated by 
the smaller model is primarily due to viscous effects and to the fact 
that the straight-pipe friction is seldom to scale, although the junctions 
may be geometrically similar. Therefore, it is logical to assume that 
the greater deviations in junction losses occur for the smaller pipe 
sizes. The addition of a cone-shaped entrance to a branch at right 
angles to the header reduced the junction loss coefficient to approxi
mately one-third of its original value. 

It was expected that actual junction losses in the Hoover Dam 
penstocks would be less than those indicated by the model, in the 
same way that losses in the model were less than those obtained by 
Thoma on a smaller but similar junction. The variation between 
prototype and model was expected to be less than that between the 
models, because the model used by the Bureau of Reclamation was 
large enough to reduce viscous effects to a considerable extent. 
Comparisons of model and prototype tests are discussed in section 39. 

Flow conditions and losses in the intake tower and penstock 
assembly were investigated by means of a 1:64 scale rnodel, having a 
friction coefficient off equals 0.021 at a Reynolds' number, R, of 
80,000, using up to 2 second-feet of water. One phase of the work 
was of considerable practical value in the design of the intake towers, 
since it demonstrated that a vacuum cannot exist at the base of the 
tower and that accordingly air vents are not necessary. 

Following completion of the project, performance and efficiency 
tests of the 30-foot diameter prototype, utilizing a maximum discharge 
of 20,000 second-feet with velocities up to 90 feet per second and at 
an R of from 40X 106 to 70X 106

, made it possible to obtain data 
from which various hydraulic features of the model and prototype, 
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including loss coefficients for the trashrack, bends, branches, valves, 
and straight-pipe friction may be compared, see section 39. 

22. Streamline Wye With Tie Rods.-After the extensive studies 
made by the contractor for the structural design of the 30- by 13-foot 
wye connections described in chapter IV, had reached the stage where 
they indicated the necessity for tie rods, a comprehensive investi
gation, including experimental work on models, was made in order 
to develop a design that would not involve excessive hydraulic losses. 
The investigation was made in the laboratory of the Bailey Meter 
Co. of Cleveland, Ohio, at the instance of the contractor and under 
the general direction of the contractor's consulting engineer. The 
investigation included a study of available literature on the subject; 
a visual study of the flow pattern by means of. celluloid models; 
measurements of pressure losses occurring in machined brass models 
of the various types of branch connections considered, at velocities 
corresponding in scale effect to those expected in the prototype; 
and the projection of the model measurements into equivalent penstock 
losses. 

The model, which was on a scale of approximately 1:60, consisted 
of a 6Ys-inch diameter header \Vith four branches, each 2.654 inches 
1n diameter, made in accordance with plans shown in figure 12. 
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Four different types of branch connections were used in the tests: 
(1) the angle branch; (2) a streamline branch without tie rods; 
(3) a streamline branch with round tie rods; and (4) a streamline 
branch with tie rods having streamlined shrounds. 

The flow was at first based on a maximum water requirement of 
34,000 second-feet, with a velocity of 48 feet per second through the 
30-foot header and a velocity of 18 feet per second, corresponding 
to a discharge of 2,400 second-feet, through each of the 13-foot 
penstocks. However, later experiments were based on a flow of 
6,600 second-feet through the 30-foot header, with a velocity of 13.6 
feet per second, since for about 86 percent of the time all water 
flowing through the header will be used for power. When water is 
being discharged through the outlet valves in addition to the turbines, 
hydraulic losses are relatively unimportant. 

On the basis of the foregoing quantities and the model ratio, the 
corresponding velocity through the model was determined from the 
equation 

-~={n vl 
derived from Froude's law, where V is the velocity through the 
penstock in feet per second, vl is the velocity through the model in 
feet per second, and n is the scale effect between penstock and model. 
This equation gave a maximum velocity of 6.2 feet per second through 
the header of the model and 2.3 feet per second through the branches. 

Figure 13 shows the model installation, using 6-inch brass pipe for 
the main header and 2~-inch pipe for the four branches, with glass 
tubing for manometers. Figure 14 shows a model arrangement using 

·celluloid tubing for both header and branches. Compressed air and 
tea leaves were admitted to the flow in order to permit a visual study 
of the eddies and disturbances occurring in various parts of the model. 

The results of the tests on the 1:60 scale model of the penstock 
assembly are summarized in figure 15. The figure shows average 
results for a large number of separate tests at different velocities 
through the model when equipped with each of the four different types 
of branch connections. It shows a comparison of expected average 
penstock losses through each of the branch connections and through 
each of the three forms of the streamline branch connections when 
reduced to an assumed normal penstock velocity of 18 feet per second. 
The average curves for streamline branch connections are based on 
tests: (1) without tie rods; (2) with round tie rods; and (3) with 
streamline tie rods. The curve for each type represents the algebraic 
average of not only the losses determined from tests at the normal 
model velocity of 2.3 feet per second through each branch connection 
but also the losses occurring at the higher velocities when reduced to 
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this normal velocity . It \\-ill be ob ClTed: (1) that los es through the 
angle branch connection were larger than those through the stream
line branch connections ''' ith citl1cr round or s treamline tie rods; 
(2) that very little net gain was obtained wi tb streamline rods as 

FIGURE 13.- ARRANGEl\1ENT OF PENSTOCl{ l\IODEL 
BRASS PI PE. 
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FI G RE 14. - ARRAN"GEl\IENT OF PKl\STOC I\: l\IODEL l'Sl NG 
CELLuLOID TC"Bir;G. 

compared with round rods; and (3) Lhat Lbc mallest losses oceurred 
in the streamline branch connection "·ith no tie rods. 

lt should be noted that a normal pen Lock velocity of 18 feet per 
second was assumed in the tests . A velocity of 16 feet per second would 
probably more nearly represent full-load condit ions under a net head 
of about 520 fret at tbr turbines. This would reduce the record ed 
los ('S, a found in t he Lrsts, by nbo ut 20 prrC'ent. 
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FIGURE 15.-PENSTOCK BRANCH CONKECTION LOSSES 
DETERMINED BY MODEL TESTS. 
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Combining the individual connection losses shown on figure 15, the 
follo\ving total losses are obtained for the four different types of 
branch connections: 

lAm in feet 
Angle branch_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 3. 70 
Streamline branch without rods_________________________________ 1. 74 
Streamline branch with round rods ______________________________ 2. 50 
Streamline branch with streamline rods___________________________ 2. 50 

General observations and conclusions based on the results of the 
model tests and on the above tabulation of total losses for the different 
types of branch connections are given in the following paragraphs: 

1. The head gained by the use of the streamline branch con
nection without rods as compared with the angle branch is 1.96 
feet, or an average gain of practically 0.50 foot per connection. 

2. If round tie rods are used, the gain secured by streamlining 
is cut to 1.20 feet or an average of 0.30 foot per connection. In 
other words, 40 percent of the gain due to streamlining is lost as 
a result of the use of rods and 60 percent of the gain is retained 
despite the use of rods. 



32 PENSTOCKS AND OUTLET PIPES 

3. The usc of streamlined shrouds, as provided in the tests, 
resulted in no over-all gain. However, it is not reasonable to 
conclude that streamlining might not be effective in reducing 
losses if employed to the best advantage. All experience in 
hydromechanics and aeromechanics indicates that the use of 
streamlined forms, when properly set, materially reduces eddy 
and turbulence losses. The actual test results varied widely 
from one connection to the other, showing gain for the stream
lining at connections 1 and 2 and losses at 3 and 4, one set prac
tically balancing the other. The streamlined shrouds used in the 
tests were fixed in what were believed to be the most favorable 
positions. From the results, it may reasonably be assumed that 
while these positions may have been correct for connections 1 and 
2, for the flow conditions tested, they were not correct for con
nections 3 and 4. In a test subsequent to the ones herein de
scribed, the streamlined shrouds enclosing the tie rods were left 
free to turn with the rod as a spindle, and the direction of the 
long axis was indicated by an external arrow on the end of the 
spindle. Observation of the arrows under various conditions of 
operation showed considerable differences in the orientation of 
the streamlined shrouds when free to move. 

4. Streamlining, if it could be applied in such a manner as to 
lie with the long axis of the shroud always in the line of flow, 
would undoubtedly reduce the losses caused by the presence of 
the cylindrical bolts. 

5. The use of streamlined shrouds fixed on the tie rods cannot 
be expected to show any marked saving in head. Only a moder
ate deviation of the line of flow from the direction of the long 
axis would give rise to conditions far worse than with the round 
rods alone. 

6. The use of shrouds pivoted on the rods and free to take up 
any position in the line of flow, while possible from a structural 
viewpoint, would introduce elements of questionable desirability. 
There is a question regarding the possible development of periodic 
forces tending to produce vibration, as well as the factor of added 
cost. 

7. The total gain possible by streamlining the tie rods, insofar 
as may be judged by the results of the tests, is only relatively 
small at the best. The average gain per connection between 
round rods and no rods is about 0.20 feet. No streamlining, no 
matter how perfect, could insure the recovery of all this differ
ence. Perhaps a recovery of one-half, about 0.10 foot per con
nection, is as much as could be expected. 

8. In view of the foregoing considerations it was concluded that 
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the possible gain to be hoped for from streamlining was not suf
ficient to justify the attempt to provide automatically adjustable 
streamlined shrouds for the tie rods; also that the provision of 
fixed streamlined shrouds was not likely to secure any saving of 
significance, having in view the varying conditions of operation. 

23. Vibration of Tie Rods.-The design of the 30- by 13-foot branch 
connections, with internal tie rods to reinforce the junctions between 
the main header and the penstocks, presented a question concerning 
the possibility of resonant vibration of the tie rods. The tie rods 
proposed were of solid steel, with a length of about 20 feet and a diam
eter of 11 to 13 inches. The assumed maximum velocity used in the 
study was 48 feet per second. The problem of possible vibration of 
the tie rods was investigated at the research laboratory of the Good
year-Zeppelin Co., Akron, Ohio. Subsequent to the preparation of a 
report on the investigations, additional data became available as the 
result of a specially conducted test in the wind tunnel of the Daniel 
Guggenheim Airship Institute at Akron. 

Solid objects exposed to the flow of fluids are often caused. to 
vibrate by rythmical forces, eventually resulting in failure by fatigue. 
Aircraft bracing struts, cables, and wires frequently vibrate in reso
nance under certain conditions of air speed and load, and a number of 
accidents have been traced to fatigue under excessive vibration of 
this nature. 

The excitation of tie rods under the given conditions are the results 
of forces caused by the rythmical impingement of eddy or vortex 
formations which may originate in five ways: (1) They may be 
formed in the inlet to the penstock header and continue down the 
pipe to the rods; (2) they may originate on the wall of the pipe; 
(3) they may be formed at a branch connection, sweeping over the 
rods at that or the next branch downstream; (4) they may originate 
at a tie rod and excite the rod as the result of reaction during detach
ment; or (5) they may be thrown off from one rod, striking and 
exciting the next lower one. 

As to these possibilities, the first three are of little importance. 
There is no apparent source for periodic disturbances in the intake; 
and, moreover, should they develop, they would be dissipated in the 
distance of 700 to 1,000 feet between the intake and the rods. Scien
tific experimental evidence, including the results of the extensive 
investigations of Prof. L. Hopf in 1923-25, indicates that turbulence 
caused by wall friction is extremely irregular and wholly without any 
pronounced periodicity. Although the periodic formation of eddies at 
a branch connection cannot be dismissed as impossible, likelihood of 
a persistently constant frequency of eddies so generated is considered 
to be remote. 
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A study of the abon eYiclt' IH..:t' uppor tt•cl by the results of model 
tests, illdical<'d that th e only t>xc itation that may l'C'ach critical pro
portions are those' that may originate as vortices at the LiC' rod s them
selves. Figure' 16 shows the progressive steps in the formal ion of 
such vortices , beginning with ,-iscous flow and C'Xtending to advanced 
Reynolds' numbt•rs, where Karman's "Yorlcx street" is cvidt' llt. 
F or tunately, the YOrlicc•s nrc amenable to a scmitlworc•tical treatment, 
as , ueh format ion l Hl YP het·n c tud i eel in considera blc detail. 

FICCJU; JG.- PHOCRESST\' E 'TEPS I N DE\-ELOP"IEKT OF 
VOHTJCES. 

Although the acLual forces inYolvcd in the vortices are small, if they 
an• periodic in character nml approach c:losdy Lhc synchronism wiLh 
the period of the tic rod , serious cumulative n•sulLs may develop. 
Accordingly, the factors of greatc•st importance involved in the con
sideration of the tie-rod problem were: (1) the period of tho vortices 
to be anticipa.Lcd under th e propo t>cl conditions of operation; and 
(2) the natural period of the tic· rod con iclcrcd as a Yibrating body. 
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24. Occurrence of Vortices.-A complete theory of the frequency 
of vortex formations in hydraulic flow was not available at the time 
the penstocks were designed. However, many experimental observa
tions had been made covering a wide range of operating conditions. 
These showed that the period depends on the diameter of the body, 
the velocity of flow, and to a certain extent on Reynolds' number. 
For any given dimensions, the phenomena are closely related to the 
velocity and vary slowly with Reynolds' number. 

For Reynolds' numbers ranging from about 1,000 to 200,000, the 
subcritical regime, the drag is proportional to the square of the 
velocity. Here the flow follows the theoretical potential flow pattern 
of nonviscous fluid only on the upstream side of the cylinder, over an. 
arc of about 60°, beyond which the suction fails to increase and the 
flow detaches just ahead of the master section diameter. The detach
ment flow boundaries develop a turbulent wake in which, a little 
farther downstream, individual vortices gather in pairs, arranging 
themselves in a pair of staggered rows, the Kerman vortex street, as 
illustrated in figure 16. Although the vortices do not ordinarily 
exert any appreciable back force on the cylinder by which they are 
caused, they naturally exert a rhythmical, lateral pounding on any 
obstacle which they strike farther downstream. For example, 
vortices formed in the wake of the first tie rod would impinge upon the 
second and tend to cause vibrations. However, if there is any 
possibility of resonance between the vortex frequency and the elastic 
vibration of a tie rod, the least initial disturbance would favor the 
detachment of the vortices on the leeward surface of the rod. In this 
case the detaching vortices would exert periodic force reactions on the 
tie rod and thus set up continuing elastic vibrations. The energy 
absorbed by damping in the rod material and in the terminals would 
be furnished by the water flow overcoming the drag of the rod. 
This is the condition which had to be avoided in the design of the 
branch connections. 

For the next higher or critical regime, with Reynolds' numbers 
ranging approximately from 200,000 to 500,000, depending somewhat 
on the turbulence inherent in the flow and upon the surface roughness 
of the cylinder, the subcritical flow becomes unstable. The flow 
follows around the master section where suction is greatly increased. 
On the leeward side, the wake contracts and exhibits a much more 
irregular turbulence in which no periodically formed vortices of 
sustained individuality have been observed. The drag coefficient 
here is much smaller than for flow below the critical Reynolds' num
ber. This flow pattern may be expected to prevail around the tie 
rods during periods of high velocity. 

The next or fourth regime is where cavitation begins or where 
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suction tends to exceed the absolute water pressure, which is of the 
order of 20 atmospheres, or 200,000 kilograms per square meter. 
Adapting Bernoulli's theorem to the problem, 

! 2+ _! 2+ -0 2 PVo Po-2PV P-

where 
p=density. 

V0 =velocity of approaching free stream. 
Po=pressure of approaching free stream. 

v and p=velocity and pressure, respectively, at any given point. 
C=the total pressure of the free or undisturbed stream. 

In other words, the velocity pressure ~ pv2
, plus the static pressure 

p, at all points along a stream is constant and equal to the total 
pressure of the free stream at infinity. 

At the stagnation point where the stream strikes the rod, v equals 
0 and p equals p s· Hence, 

or 

where q is the increase in pressure at the stagnation point. 
At the 90 o point, the velocity v is 2v0 , since the velocity at thP 

surface is 2v, (sin e). Hence, 

or 

In other words, the negative pressure or suction at the 90° point is 
three times the increase in pressure at the stagnation point. Substi-

tuting 1 for p, where 'Y is the weight of water per nnit of volume, and g 
transposing, 

For a velocity of 48 feet, or 14.6 meters, per second, 
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However, the value of Po for the fourth regime is 200,000 kilograms 
per square meter. The velocity corresponding to this pressure is 
computed by the equation 

1 'Y 
2 · g · v/=200,000, 

which gives 
Vo=63 m.lsec. 

Therefore, the maximum velocity at the 90° point, 29.2 meters 
per second, is approximately only 40 percent of that which theoreti
cally would cause cavitation. 

The Reynolds' number for the tie rod is v · ~' where v is the ve
Il 

locity, d the rod diameter, and fl the kinematic viscosity of water. 
The maximum average velocity through the 30-foot header is 

34,ooo 8 f I I v=-1 ... -2-=4 t. sec.=1,460 em. sec. 
iJ7r 

The diameter of the tie rods is 11 inches at the upper units and 13 
inches at the lower units, or 28 centimeters and 33 centimeters, re
spectively. The kinematic viscosity of water at temperatures be
tween 50° and 80° F. is approximately 0.011 square centimeters per 
second, plus or minus 0.002. Thus the Reynolds' number at maximum 
velocity is 

and 

1,460X28 
0.011 3,700,000, for the 11-inch rod 

1'460 X 33 0 00 .f h 3. h d 
0.011 -=4,4 0,0 , or t e 1 -Inc ro . 

The above Reynolds' numbers are of the order of more than 10 
times the critical. Therefore, during all moderate and high velocities 
there is no possibility that Karman vortices of the subcritical pattern 
will be formed. Their occurrence will be limited to such low veloci
ties that the forces exerted on the rods will be practically negligible. 

25. Frequency of Vortex Generation.-On the basis of the generally 
accepted theory that the frequency of vortex generation is proportional 
to the ratio of the velocity of the surrounding medium to the diameter 
of the submerged rod or cylinder, and using a proportionality factor 
of 0.20, which is based on extensive experiments made by several in
vestigators, the highest vortex frequency in the wake of the tie rods 
at the critical Reynolds' numbers of 200,000 to 500,000, approximate 
velocity 100 centimeters per second, would be about 0.7 cycles per 
second. Assuming the vortex formation to persist, following the same 
law up to the maximum velocity, which is extremely unlikely, its 
frequency would be about 10.5 cycles per second for the 11-inch rod, 
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and about 8.9 cycles per second for the 1.'3-inch rod. Using a lower 
velocity, which is considered more nearly in conformity with actual 
operating conditions, the probable periodicity for the conditions over 
which sustained frequency is probable, is approximately 1 cycle per 
second. 

26. Elastic Frequency of Tie Rods.-The natural elastic frequency 
of flexural vibrations in the rods was cmnputed, making necessary 
modifications in the basic formula, 

n=2~~:~ 
where j is the deflection of a rod under its own weight and g is the 
acceleration of gravity. The natural frequency for the 11-inch 
rod was found to be 17.4 cycles per second and that for the 13-inch 
rod 19.6 cycles per second. Using a different formula, involving 
slightly different assumptions, the frequency was computed to be be
tween 30 and ~0 cycles per second, which is still more remote from 
synchronism, with the possible frequency of vortex generation. 

27. Possibility of Resonance.-On the basis of the foregoing com
putations, it must be concluded that there is no danger of resonance. 
The natural vibrational frequencies of the tie rods are of the order of 
17 to 20 cycles per second; that is, in the lowest part of the sonic or 
audible range; whereas, the exitation frequencies are limited to less 
than 10.5 and will probably not actually persist above 0.7 cycles per 
second. 

It was realized that some phases of the study were based on extra
pola.tion from experimental evidence. Accordingly, since the data 
available at the time the study was made extended only to a Reynolds' 
number of 1,000,000, and since operating conditions in the penstock 
and outlet system would be such that the numbers applicable would 
probably exceed 2,000,000, an aerodynamic experiment was made at 
the Daniel Guggenheim Airship Institute at Akron, Ohio, to deter
mine whether, at the larger Reynolds' numbers, the aperiodic con
dition existing at the lower numbers would be sustained. The test 
was made on a cylinder 20 inches in diameter, with air velocities up 
to 115 miles per hour. The experiment clearly demonstrated that 
the absence of periodicity in the vortex formation continued over the 
entire advanced range not theretofore explored. 

28. Conclusions.-It is apparent from the results of the study that 
the periodicity of vortex formation over the sustained range is so low 
that there is no possibility for approach to synchronism with the 
natural period of the tie rods. Accordingly, no cumulative action 
is to be expected. It also is evident that for higher velocities, in
cluding the normal maximum discharge for power purposes and no 
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outlet valve discharge,'.and even higher velocities with valve discharge, 
the vortex formation will be nonperiodic or chaotic as to time relation 
and thus again prevent any possibility for synchronism and cumulative 
action. Moreover, even with the highest velocities contemplated, 
and assuming, contrary to all experimental evidence, that sustained 
periodicity would persist for these conditions, the resulting vortex 
frequencies would be only one-half or one-third those for the natural 
vibration of the tie rods. In view of these considerations it is apparent 
that the design is entirely safe and adequate with respect to any 
additional stresses due to dynamic forces arising from the flow of 
water through the structure. 

ECONOMIC CONSIDERATIONS 

29. Hydraulic Losses.-During periods when firm power only is 
generated, as defined in the contracts for the sale of power, the power 
represented by hydraulic losses has a value equivalent to 1.63 mills 
per kilowatt-hour. During periods when secondary power is being 
generated, the power represented by hydraulic losses has a value 
equivalent to 0.5 mills per kilowatt-hour, secondary power being 
available only after all firm power requirements have been met. 
During periods when water is passing over the spillways or is being 
discharged through outlets other than the turbines, hydraulic losses 
are of no value as affecting power revenues. 

Based on stream-flow records for a period of 33 years, giving due 
consideration to contemplated upstream developments, the various 
periods, together with the prevailing reservoir water surface elevations, 
were predicted as indicated in table 1. Table 2 gives the anticipated 

TABLE I.-ESTIMATED DURATION OF FIRM POWER, SECONDARY 
POWER, AND WASTE (33-YEAR-PERIOD) 

Firm plus Firm power 
Conditions of operation Spill or secondary generation waste power gen- only eration 

Time in months 

1938 conditions ______________________ 71 249 76 
1988 conditions ______________________ 40 216 140 
Average conditions ___________________ 55,% 232~ 108 
Percent of time ______________________ 14 58.7 27. 3 

Water surface elevations 

1938 conditions ______________________ ---------- 1175 1129 
1988 conditions ______________________ I ______ -_-_ 1203 1156 
Average ____________________________ -j- _________ 1189 1142. 5 

-
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average annual power output of the Hoover Dam development for 
1938 and 1988 conditions. These estimates were made prior to the 
beginning of power generation. 

TABLE 2.-ESTIMATED AVERAGE ANNUAL POWER PRODUCTION 

Millions of kilowatt-hours 
--·--

Conditions of operation 

Firm power Secondary Total power power 

1938 conditions_------------------- 4,330 1, 550 5,880 
1988 conditions ___ ----------------- 3,880 ] ' 110 4, mw 
Average ___________________________ 4, 105 1,330 5,435 

I 

Average, kilowatts __________ -I 469,000 151,000 620,000 

30. Assumed Load Factor.-On the assumption that the final in
stallation \~ould consist of 15 units of 75,000 kilowatts nominal capac
ity and 2 units of 37,500 kilowatts, and that one large unit would be 
held as a spare, the operating capacity would be 1,125,000 kilowatts; 
and the plant factor, or, for the purposes of this study, the load factor, 
was calculated as follows: 

During firm power production, 

469,000 
1,125,000 0.417, or 42 percent. 

During secondary po·wer production, 

620 ,ooo -o 551 r.:5 . t 
1 125 000- . , or o perccn . 
' ' 

31. Frictional Head Loss.-Assuming for a period of 1 hour a fnc
tion head of 1 foot with a flow of 1 second-foot, the loss in dollars may 
be computed by the equation, 

1X 1 X62.5X0.8575~0.746X0.00163 =0.00012 

where 0.87 is the efficiency of the turbine and generator; the constant 
0.746 reduces power to kilmvatt hours, and the constant 0.00163 is the 
value of 1 kilowatt-hour in dollars. For any value of friction head h, 
with a flow of Q, assuming these conditions to hold for 1 hour, the loss 
in dollars would be 0.00012 hQ. Substituting h equals av2

, where a is 
a coefficient, and Q equals Av, where A equals the area of the conduit, 
the loss in dollars for 1 hour equals 0.00012 · a · Av3• 
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Denoting the loss for a day, or a year, by Rand using~ to designate 
the summation of the various hourly values throughout the day, the 
values of R for a day, or a year, are found by the equations, 

R (day) =2": 0.00012 · a Av3=0.00012 · a · A · 2":v3 

R (year)=0.0438 a · A · 2":v3 
in which 

2":.3 
In the above equation, Vm is the maximum or peak velocity; and 2( 

is the mean cube velocity, not the cube of the mean velocity, and may 
be denoted by v3• The expression for R for 1 year then becomes 

R (year)=24·0.0438·a·Avm3 [~a] 

Since hm equals a Vm2 and Qm equals A Vm, the loss in dollars per year 
for a particular type of load curve, and for a friction head of hm as 
experienced under peak load flow, is 

In the above equation, the ratio within the brackets depends on the 
form and character of the load ·curve. Based on typical daily load 
curves of the Southern California Edison Co., two curves, one for a 
42 percent load factor and one.for a 55 percent load factor, were com-

piled and are shown in figure 17. From these curves, the ratio i)33 was 
Vm 

found to be 0.275 for a 42 percent load factor and 0.3535 for a 55 per
cent load factor. 

On the basis of experimental investigations and studies, the total 
hydraulic losses in feet of head, for the three tentative penstock 
schemes considered, see section 19, were found to be as given in table 
3. Varying the hydraulic losses as the square of the velocity, the 
necessary quantities for computing R (year) in the above formula are 
as given in table 4. Using the data in table 4, values of friction loss in 
dollars per year were computed for each of the three penstock schemes. 
The results are given in table 5. 

32. Maintenance Costs.-Maintenance costs were estimated on the 
assumption that maintenance will consist of cleaning and painting 
once every 10 years. It was assumed that the outside of the pipes 
can be painted while the units are in operation. Painting the inside 
of each of the 30-foot conduits was assumed to involve closing down 
25 percent of the plant, with a resultant loss in revenue of $80,190 in 
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each 10-year period. The estimated maintenance costs for the three 
tentative penstock schemes are summarized in table 6. 

33. Summary.-Summarizing tables 5 and 6, the total capitalized 
value, including interest at 4 percent and depreciation at 1. 78 per-



HYDRAULIC AND ECONOMIC STUDIES 43 

cent, of the power represented by hydraulic losses and of the annual 
maintenance cost of each of the' three tentative penstock pla.ns, is 
given in table 7. These capitalized values were used in evaluating 
the bids received on the three plans. 

TABLE 3.-ESTJ:MATED HYDHAULIC LOSSES IN TENTATIVE PEN
STOCK PLANS (PER PENSTOCK UKIT) 

Number and size of penstocks per unit Q in second- 1 

feet . 
H1, loss in 

feet 
_________ I 

I 7 at 13.0 feet ___________________________________ , 1, 628 I 
1, 631 II 

1, 600 

8. 0 

1 at·30.0 feeL _________________________________ _ 
4 at 1 7. 5 feeL__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ ________ 

1 

9. 1 
5. 3 

TABLE 4.-QUAKTITIES USED IK COMPUTING FRICTION LOSSES 
(PER PENSTOCK UNIT) 

Penstock system 

Firm power generation: 
Static head, feet_ _____________ _ 
Hydraulic Joss, feet_ ____________ 

1 

Net head, feeL _______________ _ 
Second-feet per unit for 75,000 

kilowatts output_ _____________ _ 
Secondary power generation: 

Static head, feeL _______________ . 
Hydraulic loss, feet _____________ l 

~e8c\)~~~~e{e~~-r- ~~~1-it- f;r- -7-5~00C) -~ 
kilowatts output_ ____________ · 

I 

7 at 13.0 feet 4 at 17.5 feet 1 at 30.0 feet 

491. 5 
13 

478. 5 

2, 070 

538 
11 

527 

1, 880 

491. 5 
14. 5 

477 

2,078 

538 
12 

526 

1, 885 

491. 5 
8 .• 5 

483 

2,050 

538 
7 

531 

1, 866 

TABLE 5.-ESTIMATED C01\1PARATIVE VALUE OF FRICTION LOSSES 
IN TENTATIVE PEKSTOCK SCHEMES (DOLLARS PER YEAH) 

-- ---- --- ----

Number and size of penstocks per unit 

Penstock system (4 units) --

I I 

7 at 13.0 feet 14 at 17.5 feet 
1

1 at 30.0 feet 

Firm power loss _____________________ 31, 470 35, 200 20, 370 
Secondary power Joss _______________ 20, 830 22, 800 13, 160 

----
Total power loss _____________ 52, 300 58,000 33, 530 

Capitalized value at 5.78 percent_ ____ ; 905,000 1,003,000 580,000 
I 

--··-·---- ---
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TABLE 6.-ESTIMATED COMPARATIVE ANNUAL MAINTENANCE 
COSTS FOR TENTATIVE PENSTOCK SCHEMES 

(DOLLARS PER YEAR) 

Number and size of penstocks per 
unit 

Penstock system ( 4 units) 

7 at 13.0 4 at 17.5 1 at 30.0 
feet feet feet 

Gallons of water-gas tar ___________________ 23,000 18,400 12,400 
Gallons of coal-gas tar_ ___________________ 46,000 36,800 24, 800 

-
Total paint, gallons _________________ 69,000 55, 200 37, 200 

- -
Number man-days cleaning ________________ 2, 950 2,356 1,588 
Number man-days painting ________________ 1, 475 1, 178 7!l4 

Total labor, man-days ______________ 4,425 3,534 2,382 

Labor cost at 5 dollars per man-day ________ 22, 125 17, 670 11, 910 
Paint cost at 20 cents per gallon ___________ 13, 800 11,040 7, 440 

Total cost of labor and paint ______________ 35, 925 28, 710 19,350 
Equipment, 25 percent_ ___________________ 8, 981 7, 178 4,838 

Total cost, cleaning and painting 
(10-year period) __________________ 44,906 35,888 24, 188 

Average cost per year_ ____________________ 4,491 3, 589 2, 419 
Value of power lost _______________________ 0 0 8,019 

Total annual cost_ _________________ 4,491 3, 589 10,438 
Capitalized value at 5.78 percent ___________ 77,000 62,000 181,000 

TABLE 7.-CAPITALIZED VALUE OF HYDRAULIC LOSSES AND 
MAINTENANCE COSTS FOR TENTATIVE PENSTOCK SCHEMES 

(DOLLARS) 

Number and size of penstocks per unit 

Penstock system ( 4 units) 

7 at 13.0 feet 4 at 17.5 feet 1 at 30.0 feet 

Capitalized value of hydraulic losses __ 905,000 1,003,000 580,000 
Capitalized value of maintenance 

expenses ________________________ 77,000 62,000 181,000 

Total capitalized value ________ 982,000 1,065,000 761,000 

Bids were opened at Denver, Colo., on June 15, 1932. Two bids 
were received on schedule 1, four on schedule 3, and three on schedule 
5. The low bids on the-three schedules, all submitted by the contrac
tor to whom the award was made on the basis of schedule 1, were as 
follows: 



HYDRAULIC AND ECONOMIC STUDIES 

Schedule number Number and size of headers per unit 

!_ ________________ 1 at 30.0 feet _______ .:. ________________ _ 
3----------------- 7 at 13.0 feet_ _______________________ _ 
5----------------- 4 at 17.5 feeL _______________________ _ 

45 

Cost in dollars 

10,908,000 
9, 750,000 

11,044,800 

Increasing the bids on each schedule by the computed cost of freight 
from the rolling mill to the field fabricating shop, and cost of trans
portation from the field shop to the tunnel adits, all of which was to 
be paid by the Government, and by the capitalized value of hydraulic 
losses and maintenance expenses, gave the following total amounts for 
the comparison of bids on the three schedules: 

Schedule number Number and size of headers per unit Cost in dollars 

L ---------------- 1 at 30.0 feet _________________________ 13,018, 195.29 
3 _________________ 7 at 13.0 feet _________________________ 14,369,591.00 
5 _________________ 4 at 17.5 feet _________________________ 15,467,773.87 

OTHER CONSIDERATIONS 

34. Structural Feasibility.-Although comprehensive studies demon
strated the 30-foot header plan to be the most efficient and economical, 
it was finally selected only after it had been subjected to a thorough 
and rigid analysis and after its structural feasibility had been fully 
and unquestionably established. The studies and tests involved in 
the investigations were all the more rigorous and exacting because of 
the unprecedented size of the pipe, the importance and magnitude 
of the project, the immense quantities of water and high pressures 
involved, the extensive probable damage in case of failure, and the 
resultant apprehension aroused in the minds of not a few eminent 
members of the engineering profession who opposed the plan and 
advocated the use of a size of pipe more nearly in conformity with 
previous practice. 

It was apparent, as urged by those who opposed the 30-foot header 
plan, that the 13-foot header plan had some inherent advantages over 
the larger pipe. In the first place, the use of a 13-foot penstock lead
ing directly from a control gate in the intake tower to each turbine 
would make each power unit independent of the others, so that in
spection and maintenance of the pipe would involve closing down only 
one unit at a time. With the 30-foot headers, each having four 13-
foot penstocks, inspection and maintenance of the pipe would require 
closing down four power units at a time, with a natural tendency to 
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unduly postpone maintenance work in order not to interrupt power 
production. 

Although a separate penstock from forebay to turbine is the ideal 
plan with reference to inspection, maintenance, and independent oper
ation, successful power plants are in operation which do not have such 
an ideal arrangement. It wa.s finally concluded that this advantage 
cannot be considered as a necessity. l\1oreover, the 13-foot header 
plan, involving the use of seven 13-foot pipes in each tunnel, four 
serving turbines in the pmverhouses and three connecting with the 
outlet valves, presented a difficult problem in installation inasmuch 
as a complicated structural-steel supporting system would be required. 
It would also be necessary to place the pipes so close together as to 
make maintenance work difficult. Furthermore, it would necessitate 
constructing the upper tunnels to a diameter of 50 feet, whereas, \vith 
the 30-foot headers, tunnels with a diameter of only 37 feet were 
required. The increase in the diameter of the bore from 37 feet to 
50 feet would have increased the rock excavation in that part of the 
tunnels affected by about 90 percent, and the quantity of concrete 
lining by about 35 percent. 

An intensive study of the three plans led to the conclusion that the 
13-foot and 17 .5-foot header plans presented as many, if not more, 
difficult and unprecedented problems as the 30-foot pipe, in addition 
to greater cost by reason of the increased tunnel excavation and 
lining. 

35. Feasibility Demonstrated by Models.-Another objection, and 
apparently a valid one, raised against the use of the 30-foot header 
plan was that it involved, by reason of its unprecedented size, struc
tural problems that had never been worked out or even attempted, 
whereas the 1~~-foot header plan was within the limits of established 
practice in design a.nd construction. 

Although no pipe approaching the size of the proposed 30-foot 
header had at that time been fabricated or used, there was ample 
precedent in the welding of steel plates of equal or even greater thick
ness. Among manufacturers of steam boilers and pressure vessels, 
at least three firms had, for several years, been making welded steel 
vessels for pressures ranging from 500 to 5,000 pounds per square inch 
many of them for operation under high temperatures. These three 
manufacturers had built a total of 1,630 vessels, with diameters 
ranging from 4 to 12 feet, lengths up to 90 feet, and plate thicknesses 
from 17~ to 4% inches. 

Before final decision was made regarding the use of the 30-foot pipe, 
numerous models were made and tested. One test of stiffener rings, 
made oh a 60-inch model, demonstrated that the general theory 
regarding the stiffening effect of rings is correct. A number of model 
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pipe sections, 15 feet in diameter, were made with 2%-inch steel plate, 
with one complete circumferential joint having an outside butt strap 
welded to one section and pinned to the adjoining section. Another 
section of the same size and plate thickness was made up of two 
courses, with a welded circumferential joint and three longitudinal 
joints in each course. The making of these sections, in combination 
with exhaustive tests on the large-scale models, fully demonstrated 
the feasibility of the 30-foot pipes and proved that the only unusual 
feature was the large size. 

36. Investigation of Water-Hammer.-Probably the most serious 
objection to the 30-foot header plan was based on what was believed 
by critics to be the impossibility of computing, with a fair degree of 
accuracy, the water-hammer pressures in such a pipe system. How
ever, this difficulty had already been encountered and overcome by 
the Bureau of Reclamation in connection with an investigation of the 
relative merits of the various pipe systems under consideration. In a 
study for the determination of the magnitude of pressure rise to be 
used in the design of the pipe lines, it was found that no method 
sufficiently comprehensive for the computation of such pressures had 
previously been developed. The engineers of the Bureau thereupon 
worked out the theory of water-hammer from basic principles. 

The results of the study of water-hammer may be summarized as 
follows. The theory of water-hammer may properly be based on the 
concepts of dynamic equilibrium and geometrical continuity. The 
first principle takes the form of Newton's law that force is equal to 
the product of mass and acceleration. The second principle merely 
is a statement of the fact that when a pipe is under pressure, motion 
takes place in such a way as to keep the pipe completely filled at all 
times. The statement of these two principles in mathematical form 
gives rise to a linear, partial differential equation of the second order 
the solution of which is unique in the sense that it specifies, without 
ambiguity, the character of the phenomena which may arise. In this 
case the equations specify that water-hammer pressures are propagated 
along a pipe line solely as waves of translation. 

Expressions giving the velocity of the pressure wave and the rela
tion between velocity extinguished and pressure rise may also be 
derived from the solution of water-hammer phenomena. It also be
comes possible to determine the characteristics of water-hammer con
ditions at partly open gates, and at branches, changes of section, 
and dead ends. In ~short, the solution yields either directly or in
directly all the data necessary for the solution of water-hammer 
problems. Precisely the same results are obtained through an ap
plication of Hamilton's principle by variation of the time integral of 
the difference of the kinetic and potential energies. 
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A method of computation was developed to apply the results of the 
water-hammer theory to actual cases. The method is based upon the 
assumption that the gates close by executing a large number of small, 
instantaneous movements. A system was devised for keeping account 
of the waves produced. The method was developed to the point 
where the time histories of the pressures at all points in a complicated 
system, such as one of the 30-foot pipes and its connecting branches, 
may be computed for any condition of operation. A comparison of 
calculated results with actual experimental results showed very close 
agreement. The studies indicated that under the most severe oper
ating conditions the maximum pressure rise with the 30-foot header 
plan would be 37 feet as compared to 56 feet with the 13-foot header 
plan. Detailed discussions of the theory of water-hammer and methods 
of computation are presented in the report on Penstock Analysis and 
Stiffener Design, published as bulletin 5 of part V, Technical Investi
gations. 

37. Conclusions.-As a result of the intensive comparative studies 
made concerning the structural and economic feasibility and the 
hydraulic efficiency of the penstock and outlet system as contemplated 
by each of the three tentative plans, it was concluded that there was 
no valid objection to the 30-foot header plan. It was also concluded 
that, in addition to its greater hydraulic efficiency and lower cost of 
construction and operation, this plan presented fewer structural 
difficulties than any other practicable plan. 

According to the above findings and on the basis of the bids received 
as described in section 33, the low bid on schedule 1 was accepted, 
and a contract was awarded on July 9, 1932, for the construction of 
the penstock and outlet system in accordance with the plans involving 
the 30-foot penstock headers. 

MODEL AND PROTOTYPE DATA 

38. Introduction.-As explained in section 21, performance and 
efficiency tests of the penstock and outlet system provided an oppor
tunity to obtain data, including loss coefficients, for the trashracks, 
bends, branches, valves, and straight-pipe friction, from which various 
hydraulic features of the model and prototype could be compared. 
The model investigations were described in the report on Model 
Studies of Penstocks and Outlet Works, published as bulletin 2 of 
part VI, Hydraulic Investigations. The measurements on the pro
totype, together with discussions of their correlation with the model 
tests, were described in an article published by an engineering society.2 

The following section gives a summary of such of the results of the 

'Wing, S. P., Dam Outlet Works in a Western State: Proc. Am. Soc. C. E., October 1942, pp. 1325--13.'33 
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model and prototype tests as may be generally useful in hydraulic 
design, together with suggestions concerning the technique of field 
measurements on the prototype \vhich, in future tests, may make 
possible more satisfactory comparisons between models and prototypes. 

39. Description of Tests.-The principal hydraulic model tests of 
the penstock and outlet system, which included flow through the in
take tower, penstock turbine, and outlet valve manifolds, were made 
on a 1 :64 scale, extremely smooth, sheet-metal model, which had a 
friction coefficient, j, of 0.021, at a Reynolds' number of 80,000, and 
used up to 2 second-feet of \Vater. Performance and efficiency tests 
of the 30-foot diameter prototype, utilizing a maximum discharge of 
20,000 cubic feet per second with measured velocities up to 90 feet 
per second, at an R of from 40 x 106 to 70 x 106 furnished data from 
which various hydraulic features of the model and prototype could 
be compared. These included loss coefficients for the trashrack, bends, 
branches, valves, and straight-pipe friction. Figure 18 shmvs a sche
matic view of the outlet works and diagrams of energy losses. 

On figure 18, points at \vhich measurements \vere taken are indicated 
by capital letters. Distances are given in units of pipe diameters, 
designated D, lengths along the 25-foot or smaller sections being con
verted into 30-foot diameter hydraulic equivalents and designated De. 
Three series of tests on the prototype were run from 1937 to 1939, with 
heads varying from 213 to 337 feet. During the tests the turbines 
were shut down, varying discharges being obtained by manipulating 
the 84-inch outlet valves. Pressures were measured with calibrated 
gages and differential mercury manometers, utilizing the penstocks 
for piezometric connections. Tests showed that such connections 
resulted in the gages registering an excess pressure of 0.04 hv. 

Discharges were obtained by complete impact-pressure tube 
traverses in a 96-inch section of pipe, located immediately downstream 
from a reducer and in front of a needle valve, point K. Utilizing these 
measurements and the simultaneously measured heads on the other 
valves, the total discharge for the entire battery of valves was com
puted. The coefficient for the pitot tube, obtained from a still-water 
rating, was corrected for wall proximity effects and for the effects due 
to curved stream lines caused by the valve and the obstruction of the 
streamlined struts used to support the instrument. The latter correc
tions were determined at the photo-elastic laboratory of the Bureau, 
using the electric-analogy method. Figure 19 shows the results found 
at the laboratory. The close correspondence between the laboratory 
result and that obtained in the rating channel, for 2 percent obstruc
tion, is of interest. Since the obstruction offered by the struts is a 
variable percentage in each circular lamina of the pipe, separate co
efficients \vere applied to each individual reading of the pitot traverse. 
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Plots of velocity and pressure distribution indicated that upstream 
from the pitot tube the friction in 22.5 diameters of pipe, plus a 15-
percent reducer, did not introduce enough resistance to normalize the 
velocity distribution. The volocity contours showed the crescentlike 
form typical of flow below a bend, superimposed on the pressure bulb 
caused by the downstream valve. This resulted in a difference of 
head of 40 feet, nearly 0.5 hv, between the pipe wall and the center of 
the pipe. The energy of flow was also unsymmetrical. The half of 
the pipe away from the center of curvature of the branch carried from 
0.10 hv to 0.15 hv more energy than the inside, with the possibility 
that pressure unbalance existed within the valve. 

On the whole, the pitot-tube gagings were reasonably consistent. 
An estimate of errors and a comparison with current-meter gagings in 
the river indicated a standard error for the larger discharges of the 
order of 2 percent. 
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The interpretation of losses in a penstock with fittings but relatively 
few diameters apart depends upon an ability to separate fitting losses 
from those due to straight pipe. A pipe entrance or fitting tends to 
result in a contracted jet of high velocity which changes in 20 to 200 
diameters downstream to a normal velocity distribution, the length 
required being dependent on the roughness of the pipe wall and on R. 
If knowledge of the energy grade is based only on readings of wall 
piezometers, its profile will be found to show an increase in energy in 
the first 3 or 4 diameters following a fitting, then to become concave 
upwards, approaching the friction gradient asymptotically. The 
model test indicated the possibility that superimposed on the profile 
immediately downstream from the branch fitting were nodes of 
pressure of about 0.03 h~, located 3 to 4 diameters apart, caused by 
the expansion and contraction of the high-velocity jet. 

The above-described phenomena make it almost impossible to find 
a length of pipe in a power installation in which it can be certain that 
only straight-pipe friction is reflected in differences in the readings of 
wall piezometers. For the present experiments, the most reliable 
results were obtained by utilizing the friction measurements made in 
the 13-foot penstocks in connection with the Gibson efficiency tests. 
The measuring section FG, see figure 18, included 8 diameters of pipe. 
located 8 diameters from the branch. The results, at R equals 20 X 1011 , 

gave a va.lue of 0.0207 for f, see figure 20. Utilizing the model tests, 
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which showed that in such a location about 0.03 hv of the measured 
drop should be ascribed to the upstream diversion loss, the friction 
coefficient/for straight pipe was found to be 0.0177. This corresponds 
to a Manning's n of 0.015, to a Scobey's Ks of 0.475, and to a 
Nikuradse's sand roughness factor K/R of 0.00134. 

The value of 0.00134 for K/R can be interpreted as meaning that 
the bitumastic-covered surface of the 13-foot pipe was as rough 
hydraulically as though it had been coated with uniform sand grains 
0.1 inch in diameter. According to the field observers, broom marks 
and joints were readily visible in the bitumen. A 20-foot straightedge 
showed }~-inch openings below it. Flattened bolt heads projected 
one-eighth inch from the welded interior of the pipe. 

Friction coefficients for other sizes of pipe were computed from the 
measurements, assuming them to vary inversely as D 113 , the value for 
the 30-foot pipe being.f equals 0.0134. These unexpectedly high values 
can be compared with the results obtained from concrete pipe at 
comparable values of R plotted on the same graph. Also on the same 
graph are plotted over-all losses per diameter for each of the sections 
measured, AD, AE, AH, and so forth, sec figure 18. Since the values 
are approximately constant at 0.03 hv per diameter, the use of this 
value for design purposes provides a useful check on losses due to 
friction and fittings separately estimated. 

The general results of the tests are best shown in the form of 
graphs.. Figure 18 shows, in terms of velocity head, profiles of the 
accumulated total energy loss and of the fitting loss, for both model 
and prototype. At the top of figure 20 is a comparison of the drop 
in the intake tower and the valve discharge coefficients plotted 
against R. For the former, a smooth curve has been passed through 
the 1939 and 1938 measurements, based on velocities as determined 
by the pitot tube. The results from the river gagings are shown for 
comparison. Figure 21 shows junction losses plotted against the 
percentage of total flow diverted to the branch. Table 8 compares 
the various loss coefficients as originally estimated, as found from the 
model, and as estimated from the prototype tests. 

Quantitative correspondence between model and prototype can 
only be expected where Reynolds' criteria can be satisfied and where 
absolute roughness in the model can be scaled down in accordance 
with model laws. This was not possible in the Hoover model which, 
while as smooth as possible, was materially rougher than demanded 
by similitude. Referring to the fitting loss of figure 18, it can be 
seen that at point D in the prototype, 23 diameters from the entrance, 
there was an indicated loss of about one-half that measured in the 
model; and at point ll, 57 diameters downstream, a value 85 percent 
as large. It will be noted, moreover, that at point D the accumulated 
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fitting loss in the prototype is shown as only one-half that observed 
20D upstream, immediately downstream from the intake. It will 
be realized that this decrease in accumulated loss downstream, as 
measured by wall piezometers, is due to the fact that the profiles are 
only normal energy grades. 
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From the Hoover tests, it seems probable that the prototype, with 
relatively less friction than the model, requires a greater l~ngth, 
measured in diameters, to regain its pressure head following the con
traction below the intake. The required length may be analogous to 
the distance required to produce normal distribution below an intake 
in a smooth pipe for which Goldstein gives the formula L=0.7 DR1

'
4

• 

Applied to the present tests, the length, measured in diameters, re
quired to produce normal velocity distribution in the prototype 
would be four times that required in the model. Whatever the reason, 
it is believed that the over-all measured prototype fitting loss, 0.85h11 , 

which applies to the· entrance, two bends, the disturbances caused 
by openings for four branches together with their eight tie rods, and 
a 30- by 25-fo0t reducer, provides a satisfactory check on the model 
results. 

In table 8, the over-all loss has been broken down into its com
ponents and compared with the standard loss coefficient originally 
used for the preliminary design of the Hoover outlet works and with 
those later obtained from the model. The fitting coefficients, while 
only estimates based on a consideration of all the data, should be 
helpful to designers until better values become available. It is 
estimated that the values have an accuracy of the order of 20 percent. 

TABLE 8.-LOSS COEFFICIENTS FOR PRELIMINARY DESIGN, 
MODEL, AND PROTOTYPE 

Loss coefficient, h.10 

Item Prelim-
inary Model 
design 

1. Screens, h, of 30-foot pipe ___________________ -------- 0. 10 
2. Intake drop, lake to within tower _____________ -------- . 81 
3. Estimated entrance loss, 57 D from intake______ 1. 10 . 68 
4. Estimated vertical and horizontal bend loss_.___ . 40 .11 
5. Estimated losses, 8- to 12-inch tie rods, four 13-

foot branch openings______________________ . 20 .17 
6. Estimated 30- by-25-foot reducer loss_________ . 05 . 04 
7. Measured total entrance and fitting losses at 

57D____________________________________ 1. 75 1. 00 
8. Branch loss, 100-percent diversion, measured 

30D from branch ________________________________ _ . 26 
9. Valve coefficient____________________________ . 72 . 76 

I 0. Friction coefficient f for 30-foot pipe ________________ - _ '021 

Proto
type 

0. 01 
±. 76 

. 63 

. 08 

. 12 

. 02 

. 85 

. 14 

. 72 

. 0134 

The entrance loss through the radial ports into the tower, 0.63hv 
as given in table 8, is sometimes confused with the piezometric drop 
which occurs from the lake to the water surface within the tower. 
The latter, as shown in the previously cited bulletin on the model 
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tests., involves a reaction head due to the water turning downward 
within the tower. Consequently, it is not a direct measure of entrance 
losses. The coefficient of tower drop, as obtained from various 
gagings, forms a good means of comparing the performance of the 
model and prototype. The results are shown in figure 20. Although 
at first sight the variations in the different tests may seem large, the 
range of 12 perecnt in the experimental values is comparable to the 
precision of field tests which have been made elsewhere. The in
crease in the coefficient with increasing R, as indicated by the curve 
averaging the 1939 and 1938 prototype results, may he partially 
accounted for by the formation of vortices at the intake which was 
observed in the 1938 measurements. At that time, the head on the 
intake was only from four to six times the mean velocity head. Since 
the velocity heads for some of the stream filaments passing around 
certain unavoidable sharp edges of the intake may have been of this 
order, thus leading to complete vacuum, this is a condition which 
should be taken into aecount by designers as it may result in cavita
tion and in the absorption of large quantities of air. Without com
plete exploration of pressures in a model, it is a condition that is 
difficult to predict. 

The model showed a loss through the screens of 0.10 h0 • In the 
prototype the loss was less than one-tenth as much. This undoubt
edly was due to the fact that the velocity through the model screens 
was below the critical value. Details in a model where this is apt to 
be the case should not be reproduced. Of considerable interest to 
designers is the loss due to a combined vertical and horizontal bend. 
While the computed value for the prototype, 0.08 hv, may have a 
considf'rable percentage error, the total measured loss for all fittings 
was such that the b(md loss must have been small in any case. 

The junction loss for the branch from the manifold is shown in figure 
21. Curve 1 for the model was interpolated from a complete series of 
tests described in the bulletin on the model tests. Curve 2 was inter
polated from Thoma's well-known tests. Curve 3 was obtained from 
the results of a commercial laboratory in connection with the design 
of the turbine manifold. It will be noted that the observations 
defining its averaging curve are widely scattered. 

A study of the technique by which fitting losses :rpust be obtained 
shows how difficult it is to get reliable results. Only in the exceptional 
test can absolute values of the results be accepted. The fitting coeffi
cients are not fixed quantities. They tend to decrease with an in
creasing smoothness of pipe and with an increase of Reynolds' number. 
They tend to increase with the distance below the fitting at which 
they are measured. Also, it is to be noted that with multiple branches 
from a manifold, the loss is different at each successive branch, due to 
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change in the percentage of flow diverted in terms of the total in the 
manifold. 

The needle valve discharge coefficients are shown in figure 20. In 
the model, the coefficient increased with an increasing R, whereas in 
the prototype it decreased. The first case undoubtedly reflects the 
decrease in friction through the valve with an increase in R. In the 
second case, an analysis of the velocity distribution due to curved 
streamlines within the valve indicated the probability that complete 
vacuum was reached at high values of R. Once this occurred, the 
effective area of the waterway would be reduced, cavitation would 
commence, and the discharge coefficient would decrease. The per
formance of the prototype was in line with these predictions. 

It is believed that on the whole the use of a modf'l for predicting 
quantitative results in the Hoover Dam outlet works was successful, 
nearly halving the error in design data which would have existed 
without its use. On the other hand, much more experimental data 
and development of theory is needed if predictions of losses within 10 
percent arc desired in the prototype. Particularly required are meth
ods for forecasting pipe friction and for estimating fitting losses at 
varying diameters downstream in the stretch before velocity distribu
tion becomes normal. Finally, it must not be forgotten that there 
is no way in which a factor of safety can be applied in the economic 
layout of the flow line of a hydrogenerator. An overestimate of 
hydraulic losses leads to the overdimensioning of the conduit with 
excess interest charges in perpetuity, whereas an underestimate leads 
to continuous waste of power in excess friction losses. 





CHAPTER III-DESIGN OF PIPE SHELL, 
SUPPORTING SYSTEM, AND 

GIRTH JOINTS 

INTRODUCTION 

40. General Description.-Most of the pipe required for the pen
stock and outlet system was of such size that it could not be moved 
by ordinary methods of transportation. In the tunnels, where the 
pipe was to be installed, working space was so limited as to preclude 
the possiblity of welding and stress relieving. Consequently, the 
plans provided that the pipe should be constructed at the dam site, 
in sections of such size and type as could be conveniently moved into 
the tunnels and there connected to adjacent sections by a type of 
joint that would not require welding. 

Two interesting and difficult problems involved in the design of the 
pipe were the development of a satisfactory type of support for the 
heavy load imposed by the pipe and the water, and the design of a 
girth joint that would provide a safe, leakproof connection between 
the sections when assembled in the tunnels. iVlathematical and 
photoelastic analyses, confirmed by extensive model tests, were used 
in the solution of these problems. Theoretical analyses required in 
the design of the pipes and supports are presented in the report on 
Penstock Analysis and Stiffener Design, published as bulletin 5 of 
part V, Technical Investigations. 

Space limitations, as well as transportation difficulties, fixed the 
maximum length of straight sections of the 30- and 25-foot pipe at 
about 24 feet. The sections are supported by brackets, welded to the 
stiffener-ring assembly at about the center of the section. They are 
connected to adjacent sections by a bell-and-spigot joint, formed by 
shop welding an overlapping butt strap to one end of the section, the 
field connection being made by double cold pinning as described in 
chapter VIII. 

41. Design of Pipe Sheii.-Each turbine of the hydroelectric plant 
is provided with an automatic relief valve having a discharge capacity 
equal to 80 percent of the turbine capaeit.y. The pressure rise in the 
penstock system, due to water-hammer, was calculated on the basis of 

819135°--49----6 59 
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a gate closure in 5 seconds. The maximum pressure rise, as computed 
in accord and with a method of determination developed by the Bureau 
of Recllimation, 1 is 32 and 34.5 feet for the 30- and 25-foot headers, 
respectively, and 37 feet for the 13-foot penstocks. 

In the design of the pipe shell, an elevation of 1,221 was assumed 
as the maximum probable reservoir level. With the reservoir surface 
at elevation 1,221, the maximum static head is 572 feet at the center 
of the 30-foot headers, 575 feet at the center of the 25-foot headers, 
and 584 feet at the center of the 13-foot penstocks. Because of the 
large size of the pipe, it was considered advisable to depart from the 
usual practice of determining the shell thickness on the basis of the 
pressure head at the center of the pipe. Accordingly, heads of 16, 
13, and 7 feet were added to the pressure head at the center of the 
pipe for the 30-, 25-, and 13-foot pipes, respectively. Combining 
static heads with maximum pressure heads due to water-hammer 
gave total heads of 619, 623, and 627 feet. These were used in 
determining maximum shell thicknesses for the 30-, 25-, and 13-foot 
pipes, respectively. 

42. Thickness and Weight of Shell.-The thickness of the pipe 
shell was computed by the formula, 

where 
P=pressure at center of pipe, pounds per squnre inch. 
S=allowable hoop stress, pounds per square inch. 
R =radius of pipe, inches. 

Ww=wcight of water per cubic inch=0.03613 pound. 
Ws=weight of shell plate per cubic inch=0.28356 pound. 

A working stress of 18,000 pounds per square inch was used in the 
design, with no allowance for corrosion. This resulted in a pipe
shell thickness of from 11 >{6 to 2% inches for the 30-foot pipe; from 
1% to 2~{6 inches for the 25-foot pipe; from 1 ~{ 6 to H{6 inches for the 
13-foot pipe; and % and % of an inch, respectively, for the 9- and 
8X-foot pipe. 

The weights of plain fabricated pipe of the various sizes required, 
in pounds per linear foot, were estimated as follows: 

30-foot pipe of 2%-inch plate ______________________________ _ 
25-foot pipe of 2%6-inch plate _____________________________ _ 
13-foot pipe of 1 ~-inch plate ______________________________ _ 
9-foot pipe of %-inch plate ________________________________ _ 
8~-foot pipe of %-inch plate ______________________________ _ 

11, 200 
7, 800 
2, 200 
1, 100 

740 

1 Glover, R. E., Computation of Water-Hammer Pressnrrs in Compound Pipes, Symposium of Water 
Hammer: Am. Soc. M. E., June 1933; also BullGtin 5, pt. V, Boulder Canyon Project .Final Reports, 1940. 
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DESIGN OF SUPPORTING SYSTEM 

43. Introduction.-The extraordinary size and weight of the pipe 
presented an interesting problem in the design of a satisfactory means 
of support. Analytical work, confirmed by model tests, showed that 
a saddle type of support would have to be substantially continuous 
in order to support the pipes with reasonable stresses. This type of 
support, besides being expensive, was objectionable because it would 
seriously encroach upon the space available in the tunnels. Accord
ingly, the possibilities of a type of support that had been used in 
Sweden for several years was investigated. 

44. Stiffener Ring.-A type of support consisting of a stiffener ring, 
which, acting as a stiff ring-shaped girder or member, prevents distor
tions over the supports and their transmission into the pipe shell, 
was described in a paper published in 1931.2 The paper included 
analyses applicable to the design of such supports, worked out on 
the basis of the elastic theory. As indicating the stability and 
unusual spans possible with such a method of support, reference was 
made to a pipe line with a shell thickness of one-fourth to five
sixteenths of an inch, a diameter of almost 11 feet, and 41-foot 
spans, with no stiffening angles between the ring-girder supports. 

The methods of design described in the above-cited paper did not 
appear to satisfy fully the requirements for continuity between the 
shell and the ring, in that a certain amount of support derived by 
the ring from the pipe shell was not utilized. Proper allowances for 
this additional support reduced the depth of the stiffeners, resulting 
in considerable economy as well as increased clearance between the 
rings and the tunnel lining. The necessary formulas were developed 
on the basis of the mathematical theory of thin cylindrical shells. 
Calculated stresses and deformations showed good agreement with 
those obtained from a 48-inch experimental pipe hereinafter described, 
see section 52. 

45. Fillet Insert.-The restraint placed upon the expansion of the 
shell by the stiffener ring, when the pipe is under pressure, results in 
high secondary bending stresses in parts of the shell bordering the 
connection between the ring and the shell. In order to reduce the 
stresses to safe limits, a special fillet insert was developed. The 
insert consists of a specially rolled steel section 21 inches wide, of 
varying thickness, beginning with a thickness of one-eighth inch 
above that of the pipe shell and increasing by an additional thickness 
of 2 inches toward the center, where the stiffener ring is welded on. 
Typical sections of the various fillet inserts and stiffener rings, termed 
stiffener-ring assemblies, are shown in figure 22. The design of the 

2 Schorer, Herman, Design of Large Pipe Lines: Trans. Am. Soc. C. E., ml. 98, 19~~. pp. 101-191. 
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insert was developed as the result of mathematical analysis and 
photoelastic tests. 

46. Supporting Brackets.-A typical support, designed for the 30-
foot pipe, is shown in figure 23. The supporting brackets are made of 
H-beams and steel plates welded to the stiffener ring of the pipe. 
The brackets were designed to carry the pipe and water loads to the 
concrete piers, also the unbalanced longitudinal forces due to temper
ature changes in the empty pipe during erection and before final 
closure of the prestressed joints. The web of the stiffener ring was 
increased in thickness for a length of 6 feet near the bracket connec-

.--2r. 6" Top bolt, 
· 7 threads per inch . 

. T 
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~~~~"' .... \'. 

! ~ .. 
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FIGURE 23.-SUPPORTING BRACKET FOR 30-FOOT HEADER. 
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tion, in order to provide a more effective resistance to bending forces 
between the fillet insert and the base of the bracket. Resistance to 
longitudinal movement resulting from temperature variations was 
reduced by the use of two sheets of graphited asbestos packing beneath 
the base plate of each supporting bracket. The purpose of the eccen-
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FIGURE 24.-SUPPORTING BRACKET FOR 13-FOOT PENSTOCK. 
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tric connection between the centroid axes of the stiffener ring and 
bracket is to develop a moment to conteract the bending force in the 
stiffener ring. 

Supporting brackets for the 25- and 13-foot pipes are similar to 
those for the 30-foot pipe, except that smaller brackets and base 
plates are used in proportion to the smaller loads and forces. As the 
stiffener rings for the 13-foot pipe consist only of a web plate, details 
for the bracket connection are slightly different from those for the 
30-foot pipe. Figure 24 shows the design of the supporting brackets 
used for the 13-foot penstocks. 

PIPE IN LONGITUDINAL FLEXURE 

47. Introduction.-Pipe lines supported by brackets attached to 
stiffener rings are subject to bending due to the beam action of the pipe 
in carrying its own weight and that of the water. The permissible 
span between successive stiffener-ring supports is limited in relatively 
thin-walled pipe to the stress at which buckling or wrinkling may 
occur. Since this stress is below the yield point, it is important to 
establish the thickness below which buckling will take place at 
stresses below the yield point, as well as the relation of stress to 
thickness. 

A review of the literature on buckling of thin-walled pipe indicated 
that practically all previous investigations had been made for pip0s 
under axially applied compressive loads. However, several tests had 
been made for tubes eccentrically loaded by compressive forces, 3 and 
the results of these tests indicated that the stress distribution over 
the cross section is approximately proportional to the distance from 
the neutral axis, and that buckling takes place at a stress in the ex
treme fiber corresponding to the buckling stress of an axially loaded 
tube of equal dimensions. Aside from the foregoing, no available 
published data gave any light on the behavior of pipes subjected only 
to flexure. 

For the purpose of further verifying the theory pertaining to buck
ling in thin-walled pipe, a test on a 48-inch pipe was made at the 
contractor's plant at Barberton, Ohio, under the supervision of the 
contractor's consulting engineer. The test was made specifically for 
the purpose of determining: (1) whether the stress in a thin-walled 
pipe in longitudinal flexure is distributed in direct proportion to the 
distance from the neutral axis; and (2) whether the critical buckling 
stress corresponds to that expected if the same pipe were loaded 
under axial compression. 

3 Wilson, W. M., and Newmark, K. M., the Strength of Thin Cylindrical Shells as Columns: Univ. 
of Ill. Eng. Exp. Sta., Bull. 255, 1933. 
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48. Buckling Stress Under Axial Compression.-Th~ expression for 
the stress at which single-wrinkled buckling will occur elastically in a 
cylindrical shell of theoretically perfect form has been given as 4 

E . t S= -c=:_-_ - -- =X-
-v'3(1-,u2

) R 
in which 

S= critical buckling stress. 
E= Young's modulus. 
,u=Poisson's ratio. 
t= thickness of shell. 

R=mean radius of shell. 

(I) 

For buckling by the formation of lobes instead of a single wrinkle, 
the following formula has been used: 

E t N 2-1 
S= -./.3(1 ~~2) X RX N2+ 1 (2) 

where N is the number of lobes in the wrinkle around the cylinder. 
For steel, with ,u=0.3, equation 1 reduces to 

(3) 

An expression for the maximum number of lobes to be expected in 
the case of steel is 5 • 

(4) 

Equation 2 differs only slightly from equation 1, and the difference 
decreases with an increase of N. Equation 4 shows that for large 
pipes N is so large that equation 2 becomes practically the same as 
eq nation 1. Thus, for large steel pipes equation 3 would follow 
from either equation 1 or 2. 

49. Tests of Axially Compressed Cylinder.-The previously cited 
Bulletin 255 of the University of Illinois Engineering Experiment 
Station reported results of tests upon a large number of cylinders, 
ranging in diamter from 3.7 to 80 inches, with tjR ranging from 0.00101 
to 0.0353. The tests showed that irregularities of form, fabrication, 
and materials require the modification of equation 3 to 

t 
S=cX0.6E R {5) 

where cis a constant dependent on variables of manufacture. 
4 l'r('scott, John, Applied Elasticity: Longmans, Green and Co., Hl24, p. 558. 
'Robertson, Technical Report, Aeronautical Hesearch Committee, London, Vol. II, 1928-29, p. 950, 



DESIGN OF PIPE SHELL, SUPPORTING SYSTEM, AND GIRTH JOINTS 67 

On the basis of experiments on fabricated specimens 80 inches in 
diameter and 72 inches long, with a shell thickness of one-fourth inch, 
the t/R ratio being approximately 0.006, the value of c was found to 
be 0.25 to 0.26. All joints, including one girth joint at the mid
length, were either lap-riveted or butt-welded, the latter giving the 
higher value of c. The same investigation reported the results of 
eccentric loading on small, accurately n1ade seamless tubing. The 
results confirm the conclusions given in section 47, namely, that the 
stress distribution is approximately proportional to the distance from 
the neutral axis, and that budding occurs at an extreme fiber stress 
corresponding to the buckling stress of an axially loaded tube of equal 
dimensions. 

50. Buckling Test on 48-Inch Pipe.-The 48-inch pipe as arranged 
for the buckling test is shown in figure 25. It consisted of two equal 
cantilevers, each 13 feet 5 inches long, extended each way from the 
central stiffener ring. The supporting brackets, welded to the edge 
of the stiffener, rested on rollers. One cantilever was anchored to a 
large weight, and a measured load was suspended from the other. 
The figure shows the form of fillet insert employed under the stiffener 
ring, to withstand secondary stresses in that region. The inside 
diameter of the pipe was 48 inches, and the shell thickness 0.120 
inches, number 11 B.\V. (Birmingham ~Tire) gage, except for the 
bottom 120° of the first section each side of the fillet insert, which was 
0.203 inches thick, number 6 B.W. gage. Heads, 1 inch thick, 
provided means for attaching the suspended load. The tjR ratio 
was 0.0084 for the heavier plate and 0.005 for the lighter plate. 

An examination of the model previous to loading showed that all 
joints in the shell were in accurate alinement with one exception. 
The number 11 ga.ge plate f')rming the end section of one of the canti
levers was made with a longitudinal seam at the bottom of the pipe. 
\Vhere the seam abutted the end of the number 6 gage plate, the 
thinner plate had been dra\vn in somewhat by the welding operation, 
to an extent greater than the thickness of the thin plate. It was 
thought that the location of this defect was such that it would not 
influence the test. The buckling in the 48-inch diameter model is 
shown in figure 26. The model was tested without stress relieving 
the welds. 

The pipe was first filled with water to within 2 inches of the top. 
The reason for filling in this manner was to cause as great a radial dis
tortion of the pipe under water load as possible. Pig iron was placed 
in a skip suspended from the cantilever. Strain measurements on 
a 2-inch gage were made in both girth and longitudinal directions, at 
cross sections of the pipe located 6 inches outward from the edge of 
the fillet insert. The gage locations were at the top and at 15°, 30°, 
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45°, 90°, and 180° either way from the top. The purpose of the read
ings was to determine whether increases in stress at maximum stress 
locations were in proportion to increases in load. 

The results of the strain measurements are shown in figure 27. 
Figure 27-A shows the results of the measurements with the pipe full 
and 20,000 pounds applied at the end of the cantilever. The stress 
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distribution is substantially a stTaight-line distribution. The irregu
larity of measurement at the top of the pipe appears to be due to the 
fact that the pipe was tested in the open and the temperature of the 
plate above the water line ':vas much higher than at, or below, the 
water line. Hence the strain measurement at the top of the pipe 
would have an exaggerated value. 

Figure 27-B sho\vs the stress distribution with a 40,000-pound end 
load. Here again a straight-line stress distribution prevails. The 
loading was continued until failure occurred by buckling at the loca
tion of the defect previously described, with an end load of 71,540 
pounds, sec figure 26. Shortly before this load was reached the pipe 
showed a noticeable curvature from end to end, indicating a yield 
point stress on the tension side. 

Figure 27-C shows several measured values of tensile stress at the 
top of the pipe, 6 inches from the fillet insert, together with the com
puted stress at the same point at the time of failure. It will be noted 
that, in general, the measured and computed stresses follow a linear 
relation with respect to the load on the cantilever. 

At the time of buckling, the bending moment at the point of failure 
was 487,800 foot-pounds, causing a maximum compressive stress of 
26,200 pounds per square inch. Introducing this value in equation 5, c 
is found to be 0.29 at the time of buckling. It should be noted that 
the buckling was caused by defective alinement of a joint which was 
offset by the amount of at least the thickness of the plate. There 
was no indication of failure on the corresponding point of the other 
cantilever where accurate alinement had been obtained. At the edge 
of the fillet insert at the time of buckling, the bending moment was 
1,018,300 foot-pounds, producing a maximum compressive stress of 
40,750 pounds per square inch. This value is approximately the 
yield point, which averaged 41,000 pounds per square inch. Applying 
this value to equation 5, the value of c is found to be 0.269. 

The maximum number of lobes as computed by equation 4 would 
be 15. Their spacing, as shown in figure 26, was not regular; but the 
minimum angular distance between successive lobes was approxi
mately 15°, or at the rate of 12 for the circumference. 

The test showed that the buckling stress in a thin-shell pipe, sub
jected to longitudinal bending, appears to correspond closely with the 
buckling stress which would exist if the same pipe were loaded axially 
in compression. The test also showed that a straight-line stress 
distribution exists over the cross section, and that a value of c equal to 
0.28 is apparently safe for use in determining the critical buckling 
stress for pipes carefully fabricated with respect to continuity of 
form at all joints. 
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MODEL TESTS OF PENSTOCK HEADER 

51. Introduction.-Several model tests of a penstock header were 
made for the purpose of determining the behavior of the various related 
features of the proposed penstock system under conditions as nearly as 
possible like those to which they would be subjected in the completed 
work. The tests were valuable in confirming the mathematical 
analyses as well as the conclusions and assumptions based on such 
analyses and on the various individual model experiments that led to 
the design of the various elements, including the pipe shell, joints, 
stiffener rings, and supports. 

52. Tests on 48-lnch ModeL--In order to determine the adequacy 
of the stiffener ring as finally developed, and to check the accuracy of 
the general formulas for the calculation of stresses and displacements 
in stiffener rings that had been derived by mathematical analyses, 
tests were made on a 48-inch pipe assembly. The tests were made in 
the laboratory of the Bureau of Reclamation at Denver, Colo. No 
attempt was made to construct an accurate scale model of the pen
stock. The assembly was especially designed for the purpose of 
accentuating certain features in order to provide as thorough a check 
of the mathematical analysis as possible, particularly those formulas 
that had been developed for the computation of the additional 
strength which stiffener rings receive from the pipe shell and for 
determining the width of flanges for stiffener rings. 

The test section consisted of 20 feet of 48-inch pipe, with an arc
welded shell three-sixteenths of an inch thick, supported by two 
stiffener rings located at the quarter points, as shown in figure 28. The 
ends were provided with loosely fitted heads, with rubber gaskets to 
prevent leakage and to permit free deformation in the pipe shell 
during test. The T -section stiffener ring first used had a 6-inch 
flange and \vas 3 inches deep from the inside of the shell to the outside 
of the flange. A single web was used to connect the flange with the 
pipe shell, both web and flange having been made from 7{6-inch steel. 
As the tests progressed, the flange \vas gradually cut narrower to 
obtain stiffener-ring sections of varying size. 

Provision was made to test the pipe with a single support at the 
bottom of the stiffener ring, also with a pair of supports located at 
the ends of the horizontal diameter and at several intermediate 
positions. During the first test, the pipe was supported by a single 
strut at the bottom of each stiffener ring and the original 6-inch flange 
width was retained. Figure 28 shows the major features of the model 
with stiffeners and supports as used for test 9. Deflection measure
ments were made with dial gages, and strain measurements with 
optical gages. Water used in the test \vas heated to room temper
ature, to avoid temperature errors. 
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The tests gave a satisfactory check on the formulas. The stiffener 
was designed before a.ll analyses \Vere con1pleted and the design 
stresses were computed on the assumption that the flange would be 
uniformly stressed over its entire width. By the tirne the pipe section 
was ready for test, the mathematical analyses had been completed and 
brought forth the surprising result that the flanges would be in tension 
at the edges and in cornpression around the center portion at points 
on the periphery where a uniformly stressed flange would be in 
compression. The analyses also sho\ved that the efficiency of the 
flange would be 55 percent as compared ·with the same flange uniformly 
stressed. 

vVhen tested, the stiffener rings showed a slight permanent set, due 
to the fact that they possessed less strength than was assumed in the 
original design. Tensile stresses were observed at the edges of the 
flange as expected, but in slightly larger amounts than indicated by 
the analysis. In general, the results of the tests were found to be in 
satisfactory agreement with the theory. Figure 29 sho\vs computed 
and observed stresses for the upper half of the stiffener ring shown in 
figure 28. Further computations showed that the 4-inch flange had an 
efficiency of 77 percent, and the 2-inch flange an efficiency of 97.5 
percent, as compared with a flange of the same size uniformly stressed. 

Computed stress€5 
in outer fiber of 
stiffener-----<:::::,-,~,~------

0 6 12 18 

THOUSANDS OF POUNDS ?ER SO. IN. 

SCALE OF STRESSES 

, 

(•) Indicates observed 
stresses. 

FIGURE 29.-STH.ESSES IN STIFFENER RJKG OF 48-I~CH MODEL. 

Stresses in stifi'ener rings originate from the manner in which weights 
and pressures of the water within the pipe arc transmitted from the 
pipe to the rings, and the manner in which the rings are supported 
on the foundations. The membrane theory develops a stress transfer 
between pipe and ring wholly tangential to the pipe at all points. 
However, a pipe having a shell thickness equal to about 1/120 of its 
diameter cannot truly be said to be a membrane. If the supporting 
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rings are rigid against radial deformation and their planes do not 
incline under loading, the membrane theory assumes that the pipe, 
mid,vay between supporting rings, is perfectly circular when it is 
precisely full of water. Actually, in the structure under considera
tion, the rings are not rigid and their deformation radially is fol
lowed by the pipe. The pressure effect of expanding the pipe thus 
begins with a pipe already distorted from a circle. 

53. Tests on 60-Inch Model Number 1.-For the purpose of check
ing the results secured in testing the 48-inch pipe assembly, and mak
ing a more detailed study of stresses and deformations developed in 
the various parts of the penstock system under varying conditions of 
loading and support, numerous experiments were made in the con
tractor's laboratory. Extensive tests, including strain-gage and de
formation measurements, were made on the 60-inch diameter model 
with the %-inch shell shown in figure 30. That part of the model 
between F -2 and G-3 conforms to a typical section of the 30-foot 
penstock header. 

In mounting the model, a bed of fresh mortar was spread on the 
tops of the supporting piers prior to lowering the model carefully 
into place. This was done in order to produce conditions similar to 
those that would be met in actual installation, and especially to secure 
initially uniform bearings on all supports. Actually, while under 
test, it was found that the bearings on the supports were not uniform. 
The effect of this is discussed in a subsequent paragraph. 

At a pressure of 237.5 pounds per square inch, producing a com
puted hoop tension of 19,000 pounds per square inch in the %-inch 
plate, stresses in the flanges of the rings at the horizontal diameter 
were from 18,000 to 31,500 pounds per square inch tension in the 
two rings. At the same time, stresses in the flanges at the bottom of 
the two rings were from 12,000 to 15,000 pounds per square inch com
pressiOn. It should be noted that these results are at variance with 
the results of the analysis for pin-supported rings given in the paper 
on Design of Large Pipe Lines cited in section 44. 

54. Tests on 60-Inch Model Number 2.-A model, 60 inches in di
ameter, with a shell of %-inch plate upon which extensive strain-gage 
and deformation measurements were made, is shown in figure 31. 
This model was provided with T -section stiffener rings, so spaced 
as to correspond to half the spacing to be used in the proposed 
penstock. This spacing of stiffener rings would have required two 
rings in each fabricated section of pipe, and would have involved 
the alinement of four supports for each section. Stress measurements 
Inade on the model indicated that unequal bearings on the closely 
spaced supporting brackets caused irregularity of stresses in the 
stiffener ring and pipe shell. 

819135°-43-7 
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D efl ections measured in the stiffener rings, translated int.o stresses, 
with the model precisc'ly full and at a pressure of 75 pounds pPr 
sq uare inch, arc sh o\\~n in figure 32. The form of the stress pattern 
for this model, which was pin-supported at the horizontal diamctN 
agrees generally \\~ith the solution oHcrod in the published paprr 
cited a bovo. 

FIGURE 31.- PIPE Ui::lED TK TESTS OF 60-l KCJI i\IODEL NUl\IBER 2. 

In gen t'ral, t il e results of th t' tcst.s on tho 60-inch model number 2, 
as well as oiht'r tes t indicait' that after LIH' pipe is filled, addi tion 
of pressure within the \Yorking ra11ge does not a.pp('a r to return the 
ring to its original circu lnr form; but, instt'ad, add Lo th e bt'ncling 
efrrct caused in the ring by the 'n' igh t of the water in the pipe wbe n 
full. Suppor ts weld ed to the rings prod uce a moment Jistribu tion 
clifft'rent from that caused by pinned st ipporLs. Uneq ual bt'arings 
on the supports produce torsion in the pipr as a whole, \dtich modifi('S 
consitlern,bly tho shear distribution at the attachment between ring 
and shell. Since the ring receins its load in a large measure from 
this attachment, a red istribution of ring slresscs is found to result, 
especially if tbe spacing between supports is sho rt and the shell, 
therefore, corrc pondingly stiff in tor ion. By incrca ing the spacing 
of supports in a later model, the pipe was made more flexible and a 
more uniform dis t ri bution of bt'arings " ·as obLnined. This n'sult.ed 
in a more rational distribution of s tresses around tho stiffener ring . 
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FIGURE 32.-STRESSES IN STIFFENER RINGS OF 60~INCH MODEL NUMBER 2. 
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55. Tests on 60-Inch Model Number 3.-Anoth er model, 60 inch es 
in diameter and with a shell of X-inch plate, .is ho,,·n in figures 33, 
34, and 35 . It represents t he form of suppor t actually adopted 
and used in construction. As indicated in :figure 35, i·t shows a con
sistent stress distribution throughout th e stiffener rings. The model 
was made with supports on alternate rings, the rings being made 
as closely as possible to scale proportions of the full-size pipe. Preci
sion of form of the model ·was superior to t he lighter models which 
were not originally intended for detail strain measurements. The 
stiffener rings were put on near the insert end of the butt-strap joint, 
one type b('ing a T-section similar to the supporting rings, and the 
other a narrow band of the thickness of the butt s trap. 

F J <..: u H.E 3-±. - \ . JE \\' OF G0-1:\CII :\IODEL 1\L' :'dB EH. 3. 

As shown in :figure 35, the T-scction s ll owed lower stresses at the 
bottom than at the sides or top . On Lbe other hand, t he nanow 
band section showed reasonably uniform stresses around th e shell. 
The pmpose in using the rcLnforcing band in place o£ the stiffener 
ring at the butt strap was to obtain tho same radial deflections at 
the butt strap and tllc ring. The average lloop stress was 15,000 
pounds per square inch, to whicll was added tho bending effect of 
the \\·eight of water , which seems to produce the highest teusion at, or 
just below, the horizontal diameter. It \ms concluded tba t the lack 
of symmetry of the stress patterns was due a t leasL .in part to unequal 
bearing on the supports. 
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FIGURE 35.-STRESSES IN STIFFENER RINGS OF 60-INCH MODEL NUMBER 3. 
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STRESSES IN PIPE SHELL 

56. Stress Conditions.-The specifications as finally amended pro
vided that final closure of the pipe between anchors should be made 
at a pipe temperature of 45° F.; or, that each length of pipe b~tween 
anchors should be reduced by axial compression to the length it would 
actually possess at a temperature of 45°. \\.,.ith closure at this 
temperature, the pipe would be expanded by water pressure, pro
ducing longitudinal stress in the pipe shell equaling 0.3 times the 
hoop stress. At a working stress of 19,000 pounds per square inch, 
the longitudinal tension would be 5,700 pounds per square inch. 
A temperature rise to 80° would produce a compression of 7,000 
pounds per square inch longitudinally, which would neutraliz:;e the 
tension previously existing and leave a residual compression of 1.300 
pounds per square inch. 

'\Vhen the plate is stressed by tensions at right angles to each other, 
tests indicate that limiting stresses in the two directions may be some
what higher than if the plate were stressed in one direction only. If 
one tension is not less than two-thirds of the other, the larger may have 
a limiting value of 1.2 times 19,000, or 22,800 pounds per square inch. 
The plate under this condition would have equal safety with the plate 
stressed in one direction at 19,000 pounds per square inch. If one 
tension is one-third of the other, the larger would have a limiting 
value of 1.1 times 19,000, or 20,900 pounds per square inch. 

The specifications require a limiting value of 19,000 pounds per 
square inch for tension in one direction only. Should a compressive 
stress be operating at right angles to the tension stress, and it is 
desired to maintain equal safety with a bar stressed to 19,000 pounds 
per square inch in simple tension, it would be necessary to reduce 
the limiting value of the tensile stress because of the presence of com
pressive stress. Tests show that for equal tension and compression 
operating normal to each other, the limiting stress intensity is 0.6 
of that for simple tension. In this case the limiting tension would be 
11,400 pounds per square inch. 

If the tension is twice that of the compressive stress, the tension 
would be limited to 0.8 of 19,000, or 15,200 pounds per square inch, 
and the compression to 7,600 pounds per square inch. If the tension 
is three times the compressive stress, the tension is limited to 0.9 
of 19,000, or 17,100 pounds per square inch, and the compression to 
5,700 pounds per square inch. The reason for the reduction in 
stresses in order to maintain equal safety, is that elastic failure under 
such conditions would occur by shear, rather than by tension or 
compression. 

57. Combined Stresses.-As noted above, biaxial stresses of opposite 
sign reduce the limit of working stress below what it would be for 
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simple tension. In the region of the stiffener ring, the outside face 
of the plate is in compression in a longitudinal direction and in hoop 
tension transversely. Depending on the location along the circum
ference, the values of the two stresses seem to vary. Figure 36 shows 
stresses in a longitudinal element, measured in the 60-inch model with 
a %-inch shell. 
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In measurements of stress in a longitudinal direction it should be 
noted that the models of the pipe shell were under endwise tension 
equal to the area of the drum times the internal pressure. If the 
readings are corrected for these tensions, the state of stress is deter
mined for the condition in a pipe of the size of the model in which no 
endwise tension or compression occurs. 
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Considering the corrected readings for the pipe shdl, they agree 
satisfactorily for the condition of stress range from full pipe under 
no pressure to full pipe under working pressure. Computations for 
uniform internal pressure only, ,~.rithout endwise tension, for the 
full-size pipe with a plate thickness of 2 1 ~{6 inches, give 8,000 pounds 
per square inch in the longitudinal direction under the stiffener; 
and, for a pipe with !1~{6-inch shell, 11,250 pounds per square inch in 
the same direction. The pressures at which these values were com
puted were 290 and 217 pounds per square inch, respectively. Hoop 
stresses in the stiffener ring at the plate indicate a stress of 15,000 
pounds per square inch, in some cases slightly more. When these 
stresses are combined, the thicker pipe would be at the allowable 
limit and the thinner pipe would be above the a.llO\vable limit. In 
the latter case, hoop stresses in the stiffener ring at the shell would be 
limited to about 11,500 pounds per square inch. To the state of 
stress in this region would be added the concentration caused by the 
attachment of the ring to the plate, due to the adjustment of com
pression stresses coming from the web of the stiffener to the plate. 

All model tests plainly indicated that the method of support is a 
factor of vital importance as regards the state of stress in the pipe 
shell. This emphasizes the importance of obtaining the simplest sys
tem of support possible in order to assure proper bearing on all sup
ports under operating conditions. Unless this is done, additional 
stresses of uncertain magnitude will develop in the shell of the pipe 
wherever the bearing is not uniform on the foundations. 

BUCKLING OF PIPES WITH SIDE OUTLETS 

58. Purpose of Tests.-Tests were made at Cornell University, 
under the supervision of the contractor's consulting engineer, for the 
purpose of exploring the probability of buckling in the pipe shell in 
the region of the 30- by 13-foot branch connections, where continuity 
of the pipe shell is broken, when subjected to compressive stresses due 
to temperature changes or prestressing. The compressive stress in
creases at the rate of about 200 pounds per square inch per degree of 
rise in temperature, and might reach a value as high as 7,000 pounds 
per square inch. 

An important condition in the behavior of the pipe in this region 
is that the pipe shell, at each branch connection, is supported by 
concrete thrust blocks approximately 40 feet apart, one on each side 
of the branch and equally spaced from the center thereof. These 
supports will prevent lateral deflection, and the cross section of the 
30-foot header at and between the branch connections will be held 
at right angles to the initial axis of the line. The portion of pipe 
between two such cross sections includes a branch outlet. The load-
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ing at the end cross sections of such a portion will be over the entire 
pipe cross sectio~, as though this length of pipe were acting squarely 
between parallel bearing surfaces. 

Another influence, which cannot be taken into account mathemati
cally, is the lack of accuracy in the assumption of perfection of form or 
of homogeneity of material. There must be imposed a limit of stress 
at which buckling will occur, which would correspond to the elastic 
limit or yield point of the material. Elastic buckling would not take 
place at a stress higher than this limiting value. 

59. Description of Tests.-Spccimens used in the tests were made 
from hard-brass tubing, having an elastic limit of 36,000 pounds per 
square inch and a modulus of elasticity of 13.2 million pounds per 
square inch. The smallest ratio of thickness to radius in the pen
stocks, outside of the inclined portion of the 30-foot pipe, is in the 
upper tunnels where the thickness at the branches is 2 inches and the 
radius 181 inches, giving a ratio of 0.0111. The mean radius of the 
test specimens was 1.046 inches, and the thickness 0.0112 inch, 
giving a ratio of 0.0107, slightly smaller than the ratio for the pen
stock. The length of the specimens was 8.41 inches, corresponding 
to a 121-foot length of penstock. All specimens were tested with 
their ends bearing squarely on brass seats, the seats being embedded 
in plaster of Paris which was allowed to harden before proceeding 
with the test. Test specimens are shown in figure 37. 

Specimen 4, a straight section of tubing, buckled mainly near the 
top end, at a load of 2,615 pounds. There was a complete formation 
of nodes or lobes around the tubing, six full nodes and one small 
node being developed. Below the small node, at a point about one
third the length of the tube from the top, a larger node appeared as 
shown in the figure. 

Specimen 5 was similar to specimen 4, except that a circular hole 
was cut at midlength. The diameter of the hole was such that it em
braced 90° of the periphery, corresponding to the angle between stiffen
ing beams on the branch connections. As the load was increased to 
650 pounds, a slight deflection was noticed outward, approximately in 
a plane bisecting the hole and at right angles to the axis of the tube. 
This, however, did not appear to be the result of buckling, because 
upon release of load it disappeared. Buckling took place on one side 
of the hole at a load of 1,300 pounds, and on the opposite side at a 
load of 1,400 pounds. The specimen continued to take load until 
buckling at the top occurred at a load of 1,570 pounds. The load then 
fell off to about 1,300 pounds when the tube buckled opposite the hole. 

Specimen 7 was like specimen 4, except that a circular hole was cut 
at midlength, the diameter of the hole including 60° of the periphery. 

·Gradual bending, approximately on a plane bisecting the hole and 
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A. \Vichour Side Ouclecs. B. W ich Side Ouclecs. 

FIGURE 37. - BUCI\:LING TE TS ON PIPES WITH AND WITHOUT 
SIDE OUTLETS. 

normal to the axis of tbe tube, was noted as the load increased, first 
bN·oming noticeable at 100 pounds. Buckling occurred at each side 
of lhe hole at a load of 1,300 pound , and fmal buckling occurred at 
lhr top at 1,450 pounds. 

'pecimcn 8 \\-a the same a specimen 5, except that two fins were 
aclclecl to simulat the tiffcning beam of the branch conneclion. 
One tic bm· connecting the pair of stiffening beams wa placed au·os 
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the circular opening in the shell of the tube. Sudden buckling oc
curred at the top of the right fin at a load of 1,450 pounds, no deflection 
being noticeable prior to buckling. At a load of 1,555 pounds, sudden 
buckling occurred opposite the side opening in the tube, following by 
buckling at the top of the fin at the left of the opening, immediately 
after which further buckling occurred in the part of the shell opposite 
the side opening. 

60. Discussion of Results.-Assuming Poisson's ratio, J.J.., equals 
0.33, equation 3 for buckling stress, as given in section 48, may be 
modified for brass 'to · 

S 1
, t 

=0.61 !. R (6) 

Similarly, equation 4 of the same section, for the maximum number of 
lobes to be expected in buckling, may be written for brass as follows: 

(7) 

Applying the last equation to specimen 4, the maximum number of 
lobes to be expected would be 8.8, whereas the test developed 6 plus. 
The buckling load developed a unit stress of 35,700 pounds per square 
inch, equivalent to the elastic limit of the material. From equation 
6, the theoretical buckling stress would be 86,000 pounds per square 
inch. Introducing an empirical constant c into the equation, see 
section 49, we obtain 

(8) 

Specimen 4 buckled at 35,700 pounds per square inch, so that c 
equals 0.415. This value compares favorably with Robertson's value 
of 0.4 for nickel-chrome steel tubes 1X inches in diameter and mild 
steel tubes 2% inches in diameter, for tjR ratios from 0.0057 to 0.08. 
In no case did the buckling strength more than slightly exceed the 
proportional elastic limit. 

\Vilson and Kewmark obtained a value for c of 0.373 for 4-inch 
Shelby tubing with a t/R varying from 0.00684 to 0.0074; and a value 
of 0.454 for 14-inch hot-rolled seamless steel tubing with a tjR va.·ying 
from 0.00131 to 0.00485. For these small values, the proportional 
Emit was not reached before buckling occurred. Robertson obtained 
a value for c of 0.6 for butt-soldered tubing rolled from high-tensile 
strip steel 0.015 of an inch thic1\:, with diameters from 3~~ to 14% inches 
and values of t/R from 0.00196 to 0.0093. Above tjR equals 0.006, 
the tubes failed at the proportional limit. It is to be expected, 
therefore, that the strength of the penstock in axial compression, at 
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points where there is no branch outlet, will be equal to the proportional 
limit or yield point of the steel. 

Specimen 5 buckled at 1,300 pounds, or 50 percent of the yield point. 
This specimen did not possess the aid provided in the branch connec
tion by the beams, tie rods, butt straps, and breast plate. Specimen 
7 also buckled at 1,300 pounds, or 50 percent of the yield point. 
Specimen 8, the specially reinforced specimen, buckled at 1,450 
pounds, or 55 pereent of the yield point, which in the penstock cor
responds to 21,000 pounds per square inch average compressive stress. 
In the branch connection u.s constructed, further stiffness is available 
in the butt strap, in the two tic rods as compared with one rod in the 
model, and in the breast plate. 

The results of the tests show that, for a temperature rise in the 
penstock of 30° F. above that at closure, there is a factor of safety 
of bet\veen 3 and 4 against buckling at the branch connection, pro
vided the penstock header is held against lateral deflection at the 
branches, as proposed and effectuated by the usc of concrete thrust 
blocks. 

DESIGN OF GIRTH JOINT 

61. Introduction.-For connecting the portable pipe sections as they 
were installed in the tunnels, the specifications, pending further in
vestigations, permitted the usc of (1) a butt-welded and stress-relieved 
joint; (2) an outside butt strap with both connections made by means 
of cold pins instead of rivets as ordinarily used; or (3) an outside butt 
strap with one connection shop-welded and stress-relieved and the 
other, or field connection, made by means of cold pins. The third 
type is of the general form known as the bell-and-spigot joint, the 
bell being formed by the protruding butt strap welded around the 
downstream end of each portable section. The third type was finally 
adopted on the basis of extensive investigations. A minimum joint 
efficiency of 60 percent was specified; and it was provided that final 
closure of the sections between anchors should be made at a pipe 
temperature not exceeding 45° F. Linear expansion and contraction 
due to either temperature or pressure were to be prevented by anchors. 
Thus at a temperature above 45° the pipe will be in compression 
longitudinally when not under pressure. When under pressure, the 
compression will be partially or wholly nullified and tension may exist. 

Under conditions of service, stresses in the butt-strap connection 
originate from the following conditions: (1) endwise compression in 
the pipe at temperatures above 45° F.; longitudinal tension arising 
from hoop tension in a pipe restrained from longitudinal deformation 
at a temperature of about 45°; (3) secondary stresses arising from 
longitudinal tension or comp:<ession due to lack of symmetry in the 
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joint; (4) hoop stresses due to internal pressure in the pipe; and (5) 
bending in an element of the joint parallel to the longitudinal axis of 
the pipe, as a result of the restraining action of the butt strap acting 
as a hoop around the pipe. 

The investigations presented two problems: namely, (1) the welded 
connection of the butt strap to be made in the shop; and (2) the pinned 
connection to be made in the field. 

62. Photoelastic Analysis of Butt-Strap Connection.-The design 
of the welded connection was developed with the aid of photoelastic 
of analysis, and the adequacy of the design was verified by testing 
full-size steel specimens to destruction. A large number of photo
elastic models, some of which arc shown in figure 38, were examined 
to determine the relative stress distribution under the following load
ing conditions: (1) simple tension on the axis of the pipe shell; and 
(2) transverse bending with the model loaded midway bet\veen the 
pins and supported as a simple beam. 

Results obtained from tests made with the first condition of loading 
led to the following conclusions: 

1. The joint tentatively proposed in the specifications, desig
nated in the figure as type H, showed high stresses in the inside 
weld, at the center of the joint, with high concentrations at the 
inner corner. The outside weld was only slightly stressed. The 
latter condition was due to lack of slip in the welded attachments 
and to longitudinal stretch in the butt strap from whatever 
stress passed into it from the outside weld. This indicated the 
necessity for a decrease in the distance between welds, in order 
to more equaJly distribute the stress between the two welds. 

2. A series of models with butt straps not beveled showed 
better stress distribution between the two welds than models 
with the butt straps beveled. 

3. Down to a lap equal to the thickness of the butt-strap plate, 
the shorter the lap of the butt strap, the better was the stress 
distribution between the two welds. 

4. A better stress distribution was found when the main or 
inside weld was undercut about one-sixth the plate thickness. 
lVIore undercut appeared to improve the distribution only 
slightly. 

Results obtained from tests made with the second condition of 
loading led to the follov.-ing conclusions: 

1. The joint tentatively proposed in the specifications, type H, 
shmved high stressc'3 in the main weld with sharp concentration 
at the corner. 
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2. The unbeveled butt strap developed the strength of the 
outside weld to better advantage than did the beveled butt strap. 

3. A 30° and 60° right triangular weld, with the long leg 
parallel to the axis of the pipe shell and equal in length to three
fourths of the thickness of the butt strap, was found to be superior 
to a 45° weld, for both outside and inside welds. 

4. Tension in a radial direction was found to exist in the inside 
welds of all models; but models with recessed welds showed much 
less transverse tension than those wherein the welds were not 
recessed. A recess of one-sixth the thickness of the plate, 
formed by beveling the outer edge of the member representing the 
pipe shell, was found to be the most satisfactory. 

5. A fillet weld with the outer surface curved to a radius of 
about one and one-half times the plate thickness, as shown in 
type J, was found to be the most satisfactory in effectuating a 
transition from transverse tension in the inside weld to longi
tudinal tension on the inner face of the butt strap. 

6. A shortening of the unbeveled butt strap was found to give 
an improved distribution of stresses between the two welds, 
down to a minimum lap equal to the plate thickness. 

The photoelastic studies convincingly demonstrated that the form 
of butt-strap connection shown in figure 38-J gives the most satis
factory distribution of stresses in the region of the welded connection 
under both linear stress and flexure. Accordingly, this design was 
tentatively adopted pending further tests on large-scale steel models. 

63. Steel Models of Butt-Strap Connection.-As a check on the 
photoelastic analysis, full-scale specimens of the welded connection 
of the butt strap, made from 2%-inch firebox steel plate having a 
tensile strength of 55,800 pounds per square inch, were tested under 
tension. In these tests, fracture occurred in the parts of the models 
representing the pipe section, outside of the region of the butt-strap 
connection, at a stress equal to 75 percent of the tensile strength of 
the straight plate stock. 

The tests sho·wed no indication of weakness or abnormal stress con
centration in the welded connection, notwithstanding the fact that 
considerable bending occurred because of the side pull resulting from 
the form of the connection. Since this bending could not occur to 
the same extent under actual conditions in the pipe shell, it was con
cluded that the test was much more severe than any to which the 
connections would be subjected under actual use. It was accord
ingly concluded, contingent on the results of further tests to be made 
on large-scale models of the girth-joint assembly, that the welded 
attachment was adequate for the purpose intended. 

819135°-49-8 
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64. Pinned Connection of Butt Strap.-The strength of the pinned 
part of the girth joint was studied by means of models, as well as by 
test specimens of the various thicknesses of steel plate to be used in 
the pipe. Figure 39 shows a tension test specimen representing a 
segment of the girth joint of a 60-inch diameter model with shell 
of %-inch plate. This specimen failed at a total load of 120,000 
pounds, with one of the pins sheared and the remaining ones pulled 
out at one end as shown in figure 40. The photographs show the 
large deformation due to the unsymmetrical form of the joint. They 
also show the tendency of the holes farthest from the edge of the plate 
to be the most elongated, allO\ving the pins to pull through. This 
form of test is far more severe than could actually occur in the pipe 
itself, since under actual conditions the joint is supported and defor
mation is prevented by the cylindrical form of the pipe. Hence this 
manner of failure would not be typical of the failure of a pinned joint 
in the pipe line. 

It was desired to secure a more severe test on the pins and on the 
metal between the first row of holes and the edge of the plate. To 
accomplish this, it was necessary to prevent the abnormal bending of 
the plates and butt strap shown in figure 40. Accordingly, another 
test specimen was made, consisting of two parts, each identical to 
the other and similar to the one shown in figures 39 and 40, except 
that the width of each part was only one-half that of the first specimen. 
The pinned connection in each part consisted of seven pins. There 
was, however, a reduction in plate cross-section by the area of eight 
holes in each connection. Each part of the test specimen was there
fore relatively weaker in pin shear than in tension on the net section 
of the plate. A steel yoke was placed around the specimen to prevent 
the butt straps from bending outward, and a block was inserted 
between the two members to prevent the plates representing the 
pipe shell from bending inward. 

The load was gradually applied. Under a load of 146,000 pounds, 
the plates representing the insert ends of the pipe shell remained 
straight, but those representing the bell ends of the pipe were con
siderably distorted by bending outward, just baek of the welded con
nection of the butt strap. The specimen failed by shearing of all 
pins under a pull of 150,000 pounds. The shear on the pins at time 
of failure was 50,450 pounds per square inch. 

The results of this test indicated that the design of the pinned 
connection was adequate to develop the full strength of the pins in 
shear. It also afforded further proof of the adequacy of the design 
for the welded connection of the butt strap. 

65. Final Design of Girth Joint.-A governing consideration in the 
design of the girth joint was the necessity for eliminating welding and 
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FIGURE 40. - VTEViTS SHO\\"I~G FAIL"CRE OF TE.:\SIOK TEST 
SPE 'J.\IEK. 
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stress relieving in the tunnels where the pipe was to be installed. 
This was of the utmost importance because of the high temperatures 
prevailing in the tunnels during the summer months; the difficulty 
and expense of providing proper ventilation to maintain satisfactory 
working conditions; and, most important of all, serious doubt as to the 
practicability of performing satisfactory welding and stress relieving 
in the tunnels. 

The final design of the girth joint for connecting pipe sections in 
the tunnels consists of an overlapping butt strap, shop-welded to one 
end of each section of pipe, connected to the spigot end of the adjoin
ing section by means of steel pins as sho,~·n in figure 41. The butt 
strap is of the sa.me thickness as the pipe shell, a.nd the welded connec
tion is made by a double triangular fillet \veld. 

In fabricating portable pipe sections, the butt strap forming the 
bell end of each section was first fabricated as a ring of such pre
determined size that it had to be expanded and shrunk into place on 
the pipe shell before welding. Likewise, in erecting portable pipe 
sections in the tunnels, it was necessary to expand the bell end of each 
section, in order to insert the spigot end of the next section, thus 
forming a shrinkage fit. 

The pins, placed in two rows in each girth joint, vary in diameter 
from 1% to 3X6 inches, depending on the plate thickness. Holes for 
the pins were usually shop-drilled undersize, then redrilled to the 
required size when the section was finally assembled in place. The 
pins have countersunk heads on the inside of the pipe, and cylindrical 
heads, of the same diameter as the pin, on the outside. The outside 
head is undercut as shown in figure 41. A ring of metal or a calking 
lip, formed by cutting an annular groove in the butt strap, concentric 
with the pin, was forced in under the head of the pin, thus securely 
locking the pin in place. Each pin \Vas accurately ground to a diam
eter greater than the actual diameter of the hole in \vhich it was to be 
used by an amount equal to the diameter of the hole times 0.001, thus 
forming a fit that required a pressure of about 25 tons to force the pin 
into place. 

This type of connection produced a girth joint with the machined 
ends of adjoining pipe sections in as close contact as could practicably 
be attained. In addition to the force exerted by the assembling rig 
in bringing adjoining sections into contact, as later explained, consid
erable force was developed by shrinkage, as a result of tack welding 
the joint on the inside of the pipe. The efficiency of the joint in com
pression is approximately 100 percent. The efficiency in tension, for 
the various plate thicknesses, was found to vary from 62 to 67 percent. 

The pinned end of the butt strap was provided \vith a beveled edge 
for calking with a blunt-nosed tool. The maximum projection of the 
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TYPICAL PIPE SECTION BUTT-STRAP GIRTH 

All longitudinal joints were staggered rn a!l adjoinrng 
courses and sections. 

136-3~" Dia. holes in each row for pins, equally spaced 
· and rows staggered 
Holes for pons were shop drilled to 2 f dra, and then 

reamed, broached, and countersunk to size, at assembly 
in the tunnels. 

See figure 23 far deta its of pipe support. 

TYPICAL PIPE SUPPORT 

FIGURE 41.-TYPICAL SECTIONS OF 30-FOOT PIPE. 

pins on the inside of the pipe is % inch, which produces a pipe with a 
practically smooth inside surface. A reinforcing band of the same 
thickness as the pipe shell, from 2 to 4% inches wide as required, with 
a shrinkage fit, is welded around each pipe section near the spigot end, 
as indicated in figure 41. Investigations demonstrated the necessity 
for the reinforcing band, for the purpose of resisting secondary bending· 
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stresses in the pipe shell and preventing excessive radial distortions. 
Figure 41 shows the major features of the design of a typical section 
of the 30-foot pipe. 

The cold-pinned type of girth joint just described was used for all 
pipes 13 feet or more in diameter. Girth joints in the 8}~-foot outlet 
pipes and the 9-foot branch penstocks leading to the two small tur
bines were of the hot-riveted type, with the same butt-strap design, 
using Ys- and n~-inch rivets, respectively. 

66. Test on Girth Joint.-For the purpose of determining the ade
quacy of the girth joint under actual \Vorking conditions, a 15-foot 
diameter model of a short section of the 30-foot pipe was made and 
tested. The model was built with full-size plates and pins, and in
cluded welded girth joints as well as one complete girth joint of the 
type described in the preceding section. The shell of the pipe was 
2Ys inches thick, and the diameter of the pins 3}{6 inches. Figure 42 
shows the design of the model. 

It was decided to test the model at a greater internal pressure than 
that which would produce a stress of 19,000 pounds per square inch in 
the prototype. Since this stress would be produced in the model 
plate, 2Ys inches thick, by twice the internal pressure under which the 
penstock would work to produce the same stress, the tightness of the 
joint in the model would be more severely tested because of the 
increased pressur~ 

The model was filled with water and the pressure was developed by 
pumping water into an inlet pipe, installed in one of the hemispherical 
heads, while air accumulating inside the model was exhausted by a 
suction pump, connected at the top of the model. The pressure was 
advanced to 600 pounds per square inch, which produced a hoop stress 
in the model somewhat higher than the stress in the prototype under 
the maximum working pressure of 270 pounds per square inch. 

When the pressure was slightly above 600 pounds per square inch, 
vibration from the pump, which was of the triplex plunger type, 
caused the pressure supply pipe to break off at the root of the threads 
where it entered the hemispherical head. A jet of water discharged 
from the hole, followed immediately by a sudden rupture of the head 
of the model. Examination indicated that the rupture began in one 
of the segmental sections of the head and advanced both ways as a 
fracture. This view \\'·as supported by the manner in which the frac
ture forked as it met obstructions. 

The rupture extended into the pipe section and, upon reaching the 
restraining band adjacent to the butt strap, forked into two branches, 
terminating at pin holes about 3 inches apart in the butt-strap joint. 
The rupture was obviously due to the sudden decrease of meridional 
stresses in the hemispherical head and the correspondingly sudden 
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FIGURE 42. -HALF SCALE MODEL OF 30-FOOT PIPE FOR TESTING 
GIRTH JOIKT. 

increase in the girth stresses, following the discharge of water from the 
fractured supply line. Since the hemispherical head was designed for 
a balanced condition under the full action of the stresses, the un
balanced condition overstressed it in the girth direction. The sudden 
rupture represented conditions more severe than would be produced 
by a.ny static tests contemplated on the model. Neither the restrain
ing band nor the butt strap showed any sign of failure. The joint was 
subject to an endwise pull on the pipe section, a condition which 
would not exist in the prototype. Following the rupture, the model 
was repaired by \voiding the breach in the pipe section and the hemis
pherical head, and by cutting oft' the original joint section and attach
ing a new butt strap with a new set of pins. 

At a test pressure of 300 pounds per square inch a slight leak 
developed in the repaired model, along the calking edge of the butt 
strap. This was closed by hand calking. At 500 pounds per square 
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inch pressure, five small leaks developed along the ca]king edge, one 
being at the point whPre the first leak developed. These were again 
calked by hand and the test continued. When the pressure was 
raised to 700 pounds per square inch, a fine spray became general 
along the calking edge around the girth of the model and four pins 
showed signs of slight sweating. Leaking was practically confined to 
the calking edge and was due to the bending of the butt strap under 
the heavy end·wise tension. This confirmed the conclusion that the 
design of the locking arrangement holds the pins firmly in position, 
resulting in a watertight joint. 

Strain-gage readings made before and after the pressure test showed 
that the endwise tension and transverse bending in the butt strap 
exceeded the yield point at the highest pressure. The test indicated 
that, with endwise tension in the pipe, leakage would be confined 
mainly to the calked edge of the butt strap; and that without endwise 
tension in the joint, leakage \vould be negligible, even at the maximum 
pressure which was 2. 7 times the maximum operating pressure in the 
penstocks. 

It was apparent that the model of the joint was more severely tested 
than the prototype vwuld ever be in actual service. The behavior of 
the joint confirmed the results indicated by the earlier tension tests 
in that it was rigid and the pins provided good gripping action against 
movement. The model joint was subjected to a circumferential stress 
slightly above the calculated stress for the penstock. In addition 
to this stress above normal working conditions, it was estimated that 
the impact of the rupture which occurred in the first test imparted a 
load to the model butt strap far in excess of any load likely to arise 
in actual operation of the penstock system. 





CHAPTER IV-DESIGN OF PIPE FITTINGS 
AND APPURTENANCES 

INTRODUCTION 

67. General Procedure.-The spe~ifications held the contractor 
responsible for the structural adequacy of all pipe fittings, such as 
bends, wyes, branch connections, and such other features as were not 
specifically shown in detail on the drawings included therewith. It 
was subsequently provided that these features, a.s well as other parts 
of the penstock and outlet system, when finally erected, should be 
tested under a hydrostatic pressure equal to 1}6 times the maximum 
working pressure, including allowance for water-hammer. Considering 
their unusual size, as \veil as the inadequacy of a purely theoretical 
analysis of stresses in the complicated and expensive fittings, compre
hensive investigations, including extensive model experiments and 
studies, were n1ade both by the Bureau of Reclamation and the con
tractor. The knowledge thus derived was used in the design and 
construction of the full-scale structures. 

Before submitting a bid, each bidder was required to build and test 
models of not less than one-sixth scale, in accurate geometrical pro
portions except as to shell thickness, which would conform as nearly to 
scale dimensions as commercial standard steel plate would permit. 
Model tests of the following structures, as tentatively proposed in the 
specifications, were required: (l) the 30- by 13-foot branch connection 
for the upper units; (2) the 25- by 13-foot 3-way junction for the 
outlet headers of the lower units; (3) the 13- by 8.5-foot wye for the 
canyon-wall outlet works of the upper units; and (4) the 17.5- by 
10-foot 3-way junction for the tunnel-plug outlets of the lower units. 

The 17.5- by 10-foot 3-way junction mentioned as number 4 was 
included in a tentative plan for which bids were received, but which 
was not adopted for construction. Consequently, model tests of this 
type of fitting are not described herein. The model tests of the other 
fittings enumerated arc described in subsequent sections of this 
chapter. 

68. Test Methods and Records.-The models were to be made and 
tested in accordance with instructions contained in the specifications. 

101 
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A complete record of the tests, including detail drawings as well as 
photographs of the models, was to be submitted with each bid. Bid
ders were required to maintain the models for such additional in
spection and tests as might be needed in passing on the adequacy 
of the tests and awarding the contract. The contractor was required 
to make and test such additional models as might be deemed necessary. 

The specifications stipulated that steel plates used in the models 
should conform to the standard specifications for boiler and firebox 
steel for stationary service as prescribed by the American Society for 
Testing Materials; that the yield strength of the plates should be de
termined, by the methods stipulated, from two test specimens, one 
taken longitudinally and one transversely from each plate; and that 
the models should be subjected to a hydrostatic pressure sufficient to 
stress the steel to three-fourths of the yield strength as computed by 

the formula Pff =t. where Pis the pressure in pounds per square inch, 

R the radius of pipe in inches at its greatest diameter; S the allowable 
stress in pounds per square inch; and t the thickness of plate in inches. 

The specifications contained such additional provisions as necessary 
to assure that the tests would be conducted in accordance with approved 
practice. In making the tests, the models were set on rigid supports. 
Dial gages, reading to one one-thousandth of an inch, were attached to 
an independent, rigid framework so that accurate measurements 
could be made of all movements normal to the surface in the various 
parts of the models. Tensometers were used to determine strains at 
all critical points. 

30-FOOT BY 13-FOOT BRANCH CONNECTION 

69. Introduction.-The design of the 30- by 13-foot branch connec
tion for diverting penstocks from the 30-foot penstock headers pre
sented one of the most difficult of the many complicated problems 
encountered in developing plans for the penstock and outlet system. 
In addition to the unusual size of the pipes and the comparatively 
high pressures to be provided for in their design, it was desirable for 
economic reasons to restrict hydraulic losses to a minimum. More
over, there were limitations as to the size and weight of the pipe sec
tions, because of limited space available in the tunnels and difficulties 
involved in transportation and installation. It was necessary to 
restrict the length of the main pipe section of the branch connection, 
including the butt-strap girth joints at the ends, to about 23 feet. 
This necessarily limited the space available for reinforcement around 
the branch outlet. Stresses, for the most part, were not susceptible 
of mathematical analysis; so that extensive experimental studies on 
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1nodels were necessary in order to determine stress conditions, includ
ing direction, magnitude, and effect. 

Four penstocks arc diverted from each of the four headers, so that 
there are sixteen 30- by 13-foot branch connections. Similar to the 
lateral structures for connecting penstocks to the 30-foot headers, 
though smaller in size, are the six 25- by 8.5-foot wyes and the two 
20- by 8.5-foot wyes included in the canyon-wall outlet works of the 
upper units. 

Results of experiments made by Professor Thoma, as well as by the 
Bureau of Reclamation and the contractor, see chapter II, clearly 
demonstrated the hydraulic advantages of branch connections with 
deflection angles less than 90°, having conical connections as compared 
.with cylindrical connections. Experimental work on models showed 
that the most favorable convergent angle for a branch connection 
is from 12° to 14°; and that, under limitations Imposed by conditions 
in the tunnels, the most favorable deflection angle for the branches 
is 75° from the downstream direction of the horizontal center line 
of the main pipe. 

70. Preliminary Model Studies.-A study of the relative merits of 
the two tentative designs first considered for the 30- by 13-foot branch 
connection was made by a series of tests on the one-sixth scale model 
shown in figure 43. The model represented a section of the 30-foot 
header with two branch connections. The part representing ~·,he 

header had an inside diameter of 5 feet and was made of %-inch plate. 
The branches had an inside diameter of 2 feet 2 inches and were made 
of ~{6-inch plate. The model assembly was provided with stiffener 
rings, as shown. 

In the branch connection near the downstream end of the assembly, 
the branch outlet, with the necessary reinforcement, including the 
collar to which the branch was welded, consisted of a single cast-steel 
member which replaced part of the shell of the main pipe and was 
butt-welded into place. The inside of the collar on the upstream side 
was slightly rounded or streamlined. In the other branch, known as 
the "angle branch connection," the branch outlet was cut directly 
into the pipe shell, the collar and reinforcement around the outlet 
being formed by steel bars welded to the shell of the main pipe. The 
cast-steel type of connection was not looked upon with favor because 
of difficulties involved in making satisfactory castings of the size 
required. Accordingly, studies were at first concentrated on the 
angle branch design. 

In making the model shown in figure 43, as well as in assembling 
subsequent steel models, test specimens were taken from all plates 
used; and such tests as necessary were performed in order to determine 
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the yield strength of the plates and to make sure that they conformed 
with the requirements of the specifications in all particulars. 

In the first test of the model, the results of which were submitted 
with the contractor's bid, the model was subjected to a pressure suffi
cient to produce a hoop tension of 19,000 pounds per square inch. 
There was considerable distortion in the main pipe section, consisting 
especially of flattening at the crown and bulging in the quadrant 
below the branch. With but one exception, stresses shown by the 
tensometers ranged from 7,300 to 19,100 pounds per square inch. 

Following the first test, some changes were made in the length and 
cross-section, as well as in the spacing of the reinforcing bars. Exten
sive strain-gage measurements were made, both in the shell and in the 
reinforcing bars, using 96 gages. At a pressure of 237.5 pounds per 
square inch, sufficient to produce a hoop tension of 19,000 pounds per 
square inch in the header section of the model, the highest stress in 
the reinforcing bars was 14,100 pounds per square inch. Stresses 
equaling or exceeding the yield point were found in the main pipe 
shell, just above and below the terminals of the reinforcing bars. At 
several points just beyond the ends of the reinforcing bars, stresses in 
the main pipe shell ranged from 33,000 to 42,000 pounds per square 
inch. Stresses as high as 33,000 to 36,000 pounds per square inch 
were found at some points in the main pipe shell, on the side opposite 
the branch outlet. 

71. Photoelastic Investigations.-For the purpose of making a thor
ough study of basic stress conditions to be met in order to determine 
the principles of design for the complicated 30- by 13-foot branch 
connections, a detailed investigation was undertaken both by photo
elastic studies on pyralin models and by strain-gage measurements on 
accurately constructed steel models. The tests, for the most part, 
were conducted under the supervision of the contractor's consulting 
engineer. Studies on steel models were made at the Barberton plant 
of the contractor, and those on pyralin models at Purdue University. 

A photoelastic investigation for the purpose of determining the 
stress distribution in a plate with a relatively large circular hole near 
the center showed concentrations of stresses at the transverse and 
longitudinal diameters, and indicated that high tensile stress on the 
transverse diameter and a considerable compressive stress on the longi
tudinal diameter are the principal stresses to be considered in the 
design of the reinforcement. Such stress concentrations, if critical, are 
ordinarily reduced by the installation of collars, plates, or bars a.round 
the opening. Numerous tests were made to determine the effect of 
such reinforcing members, variously placed, in preventing critical or 
excessive concentrations of stresses. 

Pyralin models of the branch connections, both with reinforcement 
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of side bars and without such reinforcement, as shown in figure 44, 
were made and tested und er air pres ure and in polarized ligh t. In 
these moc!Pl the branch was set normal to tl1 c horizontal axis of tho 
main pipe, in order to determine the bnsic st resses involved without 
the added complicn Lion of angula ri ty of the branch. 

A. With Reinforcement. B. \Virhouc Reinforcemeoc. 

FIGURE 44.-PYRALIK l\10DELS OF BRAKCH CONI ECTIO r. 

T ests of the pyralin model howecl, among ot her things, that varia
boas in radial expansion of the main pipe aL the brnnch connection, 
produce bending moments in circumft•n•ntial ring clements of t he 
pipe. Such bending moments produce tension on one iclc and com
pr<' sion on the other side of the shf'll plate, in equal amounts, which 
8Lrt's cs arc in addition to the normal hoop ten ion in the ring clement. 

72. Branch Connection with Side Bars.- On tho ba is of the pre
liminary model tc ts, a tentaLive design for the 30-by 13-foot branch 
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connection was prepared in considerable detail, and a one-sixth 
scale model was carefully constructed in accordance with the plans 
shown in figure 45. The over-all length of the assembly was 8 feet 
2 inches, and the inside diameter 5 feet. The effective length of the 
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main pipe section of the branch connection, not including the butt 
straps welded around each end, was 3 feet. The circumferential 
pinned butt-strap joints, by which the branch connection is joined 
to the parts of the assembly representing the 30-foot header on either 
side, were substantially similar to the field girth joints finally adopted. 
Because of the difficulty of making a pinned joint of this kind on a 
one-sixth scale model, a 7{6-inch plate was used for the shell. To 
prevent endwise stress caused by the closed ends of the main pipe 
section, the model was made with an inner shell, with only a small 
space between the two cylindrical shells wherein hydrostatic pressure 
was applied in testing. 

The model was subjected to a pressure of 355 pounds per square 
inch, producing a nominal hoop tension of 19,000 pounds per square 
inch in the shell. In making the observations, 2-inch strain gages 
were used, placed as indicated in figure 46. Figure 46 shows the 
stress pattern, also some representative stresses in the two upper 
quadrants, which were substantially similar tD those in the lower 
quadrants. 

Tensile stresses ranging as high as 47,000 pounds per square inch 
were found in the main pipe shell, just beyond the ends of the rein
forcing bars and between the outer parts of the inside bars. Tensile 
stresses approximating 30,000 pounds per square inch were found in 
the reinforcing plate on the vertical center line of the branch outlet. 
Compressive stresses approximating 30,000 pounds per square inch 
were found in the pipe shell between the butt straps and the ends 
of the outside reinforcing bars; and stresses varying from 25,000 to 
49,000 pounds per square inch were found in the inside reinforcing 
bars near their outer ends. These results were due, in general, to 
the resistance of the reinforcing bars against radial deformations of 
the pipe shell. Two separate tests were made, one as a check against 
the other. 

73. Branch Connection with Insert Plate.-Four succeeding modifi
cations in the reinforcement system of the model shown in figure 45, 
·each on the basis of previous tests, demonstrated the necessity for an 
increased thickness of pipe shell around the opening for the branch 
outlet, in addition to the reinforcing bars. These tests led to the 
development of a model with a diamond-shaped insert, similar in 
detail to the prototype design shown in figure 4 7. 

In the model, the insert plate containing the opening for the branch 
outlet was made of %-inch plate, which, after being rolled to the 
proper curvature, was butt-welded into place in the main pipe shell, 
except along each side where it was connected to the butt straps of 
the girth joints by regular fillet welds. Aside from the insert plate, 
the main pipe shell of the model was 7{~ of an inch thick. Reinforcing 
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bars, which were variously spaced for different tests, were welded to 
the insert plate. The model was fitted with an inner shell to prevent 
endwise stress. 

After filling with water and taking two complete sets of zero 
readings, the pressure in the model was advanced to 325 pounds per 
square inch, corresponding to a hoop stress of 17,300 pounds per 
square inch whjch is the nominal maximum working stress in the 
penstock system. The pressure was then released and, with the 
model full of water, a complete set of readings was taken. The 
pressure was next advanced to 3.55 pounds per square inch, corres
ponding to a nominal hoop stress of 19,000 pounds per square inch, 
and a full set of readings was taken. 

The test, as shown in figure 48, which gives stresses for pressures 
of 325 and 355 pounds per square inch, indicated a fairly satisfactory 
distribution of stresses, except in parts of the shell near points where 
the diamond-shaped insert intersects the butt-strap joints. In these 
regions, longitudinal compressive stresses of approximately 26,000 
pounds per square inch were found. These stresses were due to 
flexure in the shell plate, caused by radial expansion in the butt straps 
and the rigidity of the branch connection. A careful study indicated 
that the region of high compressive stress was completely surrounded 
by stn~sses of satisfactory magnitude. This condition minimized the 
importance of the high stresses to a considerable extent. 

Because of the complex form of the branch connection and the 
varying rigidity of its parts, differences in deflections of the various 
parts which caused the roca}iz;ed stress condition WC'J'e deemed to be 
inevitable. It was considered important that the difference in de
fleetion should be borne by a relatively flexible member, without 
being transferred to the pinned joint. The model tests led to the 
conclusion that the design satisfactorily developed this structural 
action. The experiments on the model were concluded by a test to 
destruction. The pressure was slowly advanced to· 650 pounds per 
square inch, developing twice the nominal computed hoop stress. 
At this pressure the inrwr shell buckled inward and a fine spray 
eseaped along the calking edge and around several of the pins on the 
butt strap, on each side of and adjacent to the branch connection. 
The inner shell was repaired and braced, and the pressurG was ad
vanced to 7 50 pounds per square inch, corresponding to a nominal 
hoop stress of 40,000 pounds per square inch in the header, when the 
inner shell collapsed. At this pressure very little leakage was ob
served in the original portion of the butt strap. 

An examination after the highest pressure was released showed no 
indication of clistn'ss or distortion due to any excessive localiz;ed 
stresses or to any other causes in any part of the model. As a result 
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of the test, it was concluded that the branch connection represented 
by the model indicated a design which would be entirely adequate for 
resisting the pressures to which the connection would be subjected. 
However, the model presented structural difficulties. 

60"DIA. BRANCH CONNECTION WITH 
DIAMOND-SHAPED INSERT 

GAGE 

POINT 

I 
2 
) 

4 
5 
6 
7 
8 
9 
10 

" 12 
I J 
14 
15 
16 
17 
18 
19 
20 
21 
2 2 
2 3 
2 4 
2 s 
26 
2 7 
2 8 
2 9 
30 
31 
32 
33 
)4 
3 5 
36 
3 7 
3 B 
39 
40 
4 I 
42 
4 3 
44 
45 
46 

STRESSES IN POUNDS PER SQUARE INCH 
325 POUNDS PER SQUARE INCH 355 POUNDS PER SQUARE INCH 

INTERNAL PRES SURE INTERNAL PRESSURE 

QUADRANT QUADRANT 

A B c D A B c 0 

14 400 9 900 I(, 200 I 3 2QQ 
9 900 8 400 I~ GOO • 3 eco 

16 200 26 I 00 3 I ~QQ 32 700 
14 100 16 200 25 ~00 21 BOO 

19 !>00 15 GOO 24 000 I 8 600 
600 3 300 4 2CO J JCO 

-6 600 •4 !100 -3900 -4 500 
-6 600 -13 500 -':;. 100 -· 2 000 

2 700 - 3 900 9 300 - I I 400 I 200 2 400 7 800 9 900 
6 900 - 2 • oa - 3 000 7 500 3 900 900 c 4 500 

20 I 00 14 100 I 0200 18000 25 200 I 7 100 14 700 26 400 
4 500 6 300 2 70() 3600 10500 7 500 6900 5 tOO 

7 500 8 700 8 400 II 400 12 300 7 500 13800 t9 BOO 
18 000 18 600 17 700 2 I 300 24 000 23 tOO 24 600 27 600 
7800 4 200 I 800 7 BOO 12600 3 900 5 400 14 400 

30300 26 400 25 500 30900 32700 36 900 32 400 36 000 
15000 16 500 18 600 17 I 00 18 000 21 000 22 500 21 000 
6600 ~ 100 10500 I 0 500 I I I 00 I 0400 13 500 18 000 

900 6600 J 300 4 500 3 900 9600 7 800 I 0 ~00 
2 I 00 3900 3000 6 600 3600 5400 7 500 9600 
I 500 3 900 600 600 I 500 5400 3900 3600 

29400 30000 26 400 29 400 l5 400 33000 36 300 36 000 
I 9 500 17400 19 500 20 700 2~ 500 22 ~00 25 500 25 800 
I 2900 6 600 9600 14 100 I~ 900 II I 00 12 600 18 600 
6000 9000 9000 7800 10500 12 000 14 100 13 800 

- I 500 3000 I 500 16 200 1500 6000 4 500 24 300 
16 200 6 000 9900 7 800 17 700 7500 12 900 9 300 

- 6900 - J 900 -II 400 7 800 - 5 400 2100 5 400 - 9 300 
6900 - 5 I 00 - 6600 - 8 400 - 6 600 3 600 
6000 6900 

19 800 23.100 
17400 16 200 15000 14 100 20 700 22 200 19 200 21900 - 3900 - 7 200 • 10800 - 5 700 - 2 400 6900 
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The design of the 30- by 13-foot branch connection for the 10\n'r 
tunnels, based on the model tests, is shO\m in fi gure 47. The dia
mond-shaped inser t is of 3%-inch steel plate; the maximum section 
of the two curved reinforcing bars is ll X by 26 inches, each being 
made up of three 3%- by 26-inch steel bars welded in place; and the 
maximum thickness of the main pipe shell, immeclia tely around the 
branch , including the r einforcement plate overlying the diamond
shaped insert, is 6% inches. The form, rolative proportions, and 
dimen ions of some of the members were such as to make successful 
welding operations, as well as the detection of flaws in the welding, 
extremely diffi cult, if not impossible. 

74. Streamline Branch Connection.- In an efl'ort to obviate some of 
the structural difficulties involved in the angl(' branch design as 
represented in figure 4 7, and incidentally to secure greater hydraulic 
efficiency, a branch connection, made up of steel plate so shaped and 
wrlded together as to make a transitional curved en trance to t h(' 
penstock from the main pipe, hence called the "streamline branch 
co1mection," was next con idcrcd . This idea was embodied in a 
one-fifth scale model with a %-inch shell , as illustrated in figure 49. 

FIGURE 49. - MODEL OF STREAMLINE BRANCH CONNECTION. 

Just above and below the branch outlet, where the warped surface 
of the transition section connects with the main pipe shell, horizontal 
stiffener beams were provided for the purpose of preventing distortion. 
Between the beams, at each end of the s tructure, the outer edges of 
the curved plates of the t ransition section were connected directly to 
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the butt straps of the girth joints connecting the branch connection 
to the main pipe. The upper and lower parts of the streamline section 
were of %-inch steel plate, and the sides of l-inch plate. 

The model was fabricated from boiler plate and was stress-relieved 
after welding had been completed. In order to relieve longitudinal 
pressure, the model was fitted with an inner shell. No bulkheads 
were used, the water space between the model and the inner shell being 
sealed by a ring of split tubing welded to the ends of the inner and 
outer shells. 

To determine stresses tending to spread, or to increase the distance 
between the horizontal stiffener beams, the model was fitted \vith an 
external clamping frame consisting essentially of four tie rods. The 
clamping frame \vas not intended as a part of the prototype, but only 
for use in experimentally determining the stresses tending to move the 
beams in a vertical plane. Thrust in the direction of the branch in the 
prototype would be resisted by anchors \vhich tie the penstocks to the 
tunnel walls. The measured stresses, as determined from strain-gage 
readings, are shown in a tabulation in figure 50, under the caption 
"Without tie rods."_ 

For the first test, a pressure of 300 pounds per square inch was 
adopted, corresponding to a nominal hoop stress of 17,000 pounds per 
square inch in the 30-foot header. The clamping force, as determined 
from measured stresses in the tie rods of the clamping frame, \vas 64,500 
pounds for the clamp on the upstream side of the branch, and 72,000 
pounds for the clamp on the dmvnstream side. The computed stress 
for the model design was 71,100 pounds. In the second test, a pres
sure of 390 pounds per square inch was used. There was no percepti
ble flaking or cracking of the whitewash coating which had been ap
plied to the branch connection. A maximum deflection of 0.097 5 
of an inch was observed at the center of the upper stiffener beams, 
normal to the surface of the structure. 

The tests indicated a fairly satisfactory distribution, with no 
stresses approaching the yield point; and the curved transition from 
header to penstock gave assurance of higher hydraulic efficiency than 
had yet been attained. However, the design involved at least two 
undesirable structural features. It required welded connections be
tween structural members with wide variations in thickness and cross-

. section; and the method of supporting the unbalanced internal load 
introduced bending and beam action which, under varying pressures, 
might lead to trouble and difficulty. l\1oreover, at about this time, 
experience with a branch connection of approximately similar form 
for another project aroused serious doubts as to the practicability of 
making welded joints for a design of this size and character which 
could be insured as free from cracks or flaws that might cause trouble. 
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STRES~ES AT PENSTOCK BRANCH 
WITH TIE RODS WITHOUT TIE RODS 

Q ADRANT QUADRA~ 
A ale A a c 

11600 9550! 14400 8450 6700 10200 720i\8600 
•H -rozoo -rr soo- 7850 -rssoo -rss.oo -rr400 -r230::: -r4500 
2V 7200 9850 13600 10400 10400 15000 10400 8800 
2H -11900 -14100 -II 600 •10400 -132'00- 8200-10400 -r~BOO 

3H ~~gg ~:~~g r;~~g r;~gg ~~~gg :~~gg :~~gg! ~:~gg 
4T 6400 1

1

7300 12400 11900 6200 11600 1530015800 
40, 5500 23~0 11700 7800 6!>00 7000 1300 8500 
4R -5700-5400 5100- 1060- 900 0 1500- 400 

4 ~ 2 200 - 3 900110 300 - I 190 700 9 700 6 000 I 200 
5 T 4 900 4 000 7 300 1200 6 800 5 800 5 000 7 7CO 

~~ -,~:ggl-,~~gg -~~~gg- ~~~g- :~gg -,, :gg -,: ~ggJ-,~~gg 
6R - 1490- 26..; 430- 3000-5900 I 400 I 7001 3000 
7T 15400

1 
10900 12600 12600 16500 11900 14500 14000 

7R 1950 I 900 3300 3250 3600 l700 5200 6100 
8T 135001 5400 1400 BOOO 3400- 300-3000- 600 
8R 13500 6200 4900 5900 300- 3400~- 900 2500 
9V 11 150 13700 9200 6600 13000 II 000 17700'1!6000 
9H 10100' 9500 6300 10000 10100 7900 14200 !3800 
1011 11300111600 9200 12500 12700 II 200 15200 !4400 
IOH 15000 17800 1 10850 14600 15500 14700 1 14600 16500 

7600 63001 6500 5800 /0100 1120011370C t4100 
IIH II 700 11900 12800 13100 t57C0 14700 14100, 15600 
1211 - 3 440 - 2 970 1- a 100 - 2 soo -15 900 - 6 sea - e 5oo - a sao 
12H -2370- 3600~- 6700 600 -15900 -I0900,-ro roo~- 9400 
13H 6 210 4 590 6 750 8 100 5 400 SOD 4 100 2 700 

14 6750 8100 8910 6200 4000 0 2700";13200 
IS -2700- BIOI- 3240-4050 

1611 9 450 10 BCO 6 750 4 050 II 300 3 200 tO 000 10 800 
1111 9450 t2960 12r50 9450 4900 ·9100\ 8600 r2roo 
rev 16200 i6200 170t0 16200 9300 76001 t080o 14tOC 

QUADRANT OVERLAP 
~-----~~IE RODS WITHOUT TIE RODS 

POINT STRESS POI!"iT POINT I srfiESS" STRESS POINT STRESS 

XI 12 200 X 8V 10000 X I 8 900 X 8v I I 300 
X2H II 600 X 8H 15200 X2H 8 900 X 8H 16800 
x>v 13400 X 9 9990 X3V 12500 X 9H 10800 
X3H 17 550 XIO 12 ISO X3H 14 600 XIO 12 700 
X 4V 13250 X It V 13 850 X4 V 13 200 X IIV 16 900 
X 4H 15 300 XI IH 5 soo X4H 16 700 XIIH 13 700 
xsv 8 200 X 12 V IS 400 x5v 7 900 X:2V 13 700 
XSH 13 BOO X 12H - 4300 X5H 14 500 X 12H - 4 000 
X6V 3 300 X 13V a 750 X6V 8 600 X 1311 15300 
X6H II 000 XJ3H - 6 950 X6H 15 300 X 13H - 300 
X7V 10750 XI4V 15 900 X 7V 16 800 X 1411 19500 
X 7H 15 I 00 X 14H s 300 X7H 17700 X J4H 12 200 

STRESSES ON TIE RODS 
INTERNAL TIE RODS EXTERNAL TIE RODS 

POINT STRESS ?OINT STRESS POINT STRESS POINT STRESS 

IL 20 roo I R 15900 
2L I 9 900 2R 16 950 
3L 24 200 3R 20 600 

23 400 22400 

I R 2465 
2R 3 030 
3R S ISO 
4R 3 660 
SR 5070 

4930 

9R 
lOR 
IIR 
12R 

3170 
4220 
s 280 
s 140 
I 550 
2 680 

7R 4 220 
8R 3520 2680 

Negotr11e values rndtcote compress1on. Test results ore for an 
internal pressure of 300 pound~ per square inch. 

FIGURE 50.-STRESSES IK MODEL OF STREAMLINE BRANCH CONNECTION 
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In view of the above considerations, it was decided to investigate 
the possibilities of a design where the internal load is carried directly 
by tie rods within the structure. Such a design had not theretofore 
been looked upon with favor, principally because of the interference 
to flow and consequent loss of head involved in the use of the tie rods, 
as well as the danger of destructive vibration of the rods. 

75. Streamline Connection with Tie Rods.-The streamline branch 
connection with tie rods is similar to the streamline branch 'vith hori
zontal stiffener beams just described, except that internal tie rods 
are used to prevent the beams from sprea.ding apart under pressure. 
This proposed design presented three problems that had not thereto
fore been investigated: namely, (1) the effect of the tie rods on the 
hydraulic eff-iciency of the structure; (2) the possibility of dangerous 
or destructive vibrations of the tie rods; and (3) the most satisfactory 
type of end connection for the tie rods. The investigation of the first 
two problems is described in chapter II. The investigation of the 
tie-rod connections is described in this chapter. 

Except for the tie rods, the general features of construction of the 
one-fifth scale model of the streamline branch connection with tie rods, 
as shown in figure 51, were substantially the same as those of the 
streamline structure previously discussed. The tie rods were attached 
to the horizontal stiffener beams and to the shell plate, by means of 
steel castings into which the rods were screwed. Each casting had 
two lateral flanges by means of which it was butt-welded into the 
shell plate, and a vertical flange by which it was welded to the stiffener 
beam. This member in the prototype was to be a forged-steel unit 
into which the tie rod would be screwed. To prevent longitudinal 
pressure, which would not be present under service conditions, the 
model was provided with an inner shell, so installed that the test 

_pressure could be applied within the space between the two shells. 
The weight of the model was conveyed to a grillage of steel beams, 
through four support brackets attached to the stiffener rings. 

Strain gages· were installed on the model, including the tie rods, at 
locntions indieat.ed in figure 50. Dials were used to measure the out
ward m.ovement of the horizontal beams due to deformation or move
ment of the tic rods. Two complete sets of zero readings, which were 
found to be in close agreement, were taken with the pressure space 
filled with wa.ter, but with no pressure on the model. The average 
readings thus obtained were used in making the stress determinations. 
This method was also used in making observations for each of the 
different pressures used in the tests. Upon release. of pressure, a final 
set of readings was taken for comparison with the initial readings, and 
any substantial differences were reconciled by checking the observa
tions. 
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Two tests were made on July 17, 1934, one at a pressure of 250 and 
the other at a pressure of 300 pounds per square inch, corresponding to 
heads of 577 and 693 feet, respectively. The results of the test at a 
pressure of 300 pounds per square inch are shown in the tabulation 
included in figure 50, under the caption ""\Vith tie rods." The maxi
mum stress observed in the shell plate of the model did not exceed 
17,800 pounds per square ineh. The maximum stress in the tic rods 
was 24,200 pounds per square inch. The maximum outward movement 
of the stiffener beam on the axis of the upstream tie rod was 0.0450 
of an inch, and that on the axis ofthe downstream rod was 0.0553 of 
an inch. 

After completion of the test just described, the model was white
washed and tested at ·higher pressures, in order to determine the yield 
point of the steel as indicated by flaking. As determined by tests of 
four samples from the three-fourths inch steel plates used in making 
the curved surfaces of the model, the test pieces having been stress
relieved, the average yield point of the steel plate was 29,900 pounds 
per square inch. From this, the test pressure was computed and was 
found to be 389 pounds per square inch. 

The pressure was first advanced to 400 pounds per square inch, and 
the effects on the model carefully observed. No flaking was anywhere 
visible. The pressure was then increased to 450 pounds per square 
inch, or 1_% times the maximum equivalent operating pressure on the 
model. At this pressure the nominal hoop stress was 25,900 pounds 
per square inch. Under this pressure Lucier's lines were visible on 
the main header pipe, just above the upper horizontal beam; but were 
not visible on the whitewash coating below the lo-wer beam~ or at any 
other points on the model. 

The pressure was then increased by 25-pound increments, an 
examination being made after each increase. At a pressure of 550 
pounds per square inch, corresponding to a head of 1,270 feet and to a 
nominal hoop stress of 31,700 pounds per square inch in the header 
pipe, a slight amount of flaking was observed in the two lower quad
rants of the curved or pressed portion of the structure. No flaking was 
visible in the upper quadrants. It should be noted that the hoop stress 
at this pressure exceeded the elastic limit by nearly 2,000 pounds per 
square inch, so that permanent distortion was to be expected. 

76. Investigation of Tie-Rod Connections.-The design of the stream
line branch connection with tie rods presented the question as to 
whether the proposed threaded connections at the ends of the rods, 
with threads of standard clearance, would seize after being stress
relieved. 

Two bolts of low-carbon steel, each 11 inches in diameter and 4 feet 
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long, were chased with 29° screw threads having an outside diameter of 
10.850 inches and a pitch of % of an inch. For the first bolt, a nut of 
annealed low-carbon steel, 1 7}f inches square and 11 inches long, was 
bored 0.020 of an inch larger than the diameter of the bolt thread. A 
thread similar to that of the bolt \Vas then turned in the nut, giving 
a clearane of 0.010 of an inch at tops and roots of threads and an axial 
clearance between threads of 0.006 of an inch. A second nut, circular 
in form, with a diameter of 17~ inches and a length of 11 inches, was 
made of low-carbon cast steel, annealed prior to machining. The 
diameter of the bore and the size of thread were made the same as 
for the square nut, but \vith approximately twice the clearance. 

After the square nut had been screwed completely on the bolt, which 
could be done by hand, the assembly was stress-relieved at 1,200° F. 
A thin penetrating oil was then run into the threads, and upon trial 
it was found that the nut could be moved through an arc of only about 
30°. The assembly was then mounted in a lathe and the square nut 
cut down to a circular nut with a diameter of 18 inches, thus giving 
symmetry of structure relative to the bolt, after which the nut was 
removed easily. Upon examination it was found that the threads of 
the nut had been chafed in several places. 

The test of the circular nut assembly was begun by turning the nut 
onto the bolt, using a mixture of graphite and number 600 cylinder oil. 
After stress relieving in the sa1ne manner as for the square nut assem
bly, it was found that the nut could be readily removed. An examina
tion of the threads of both bolt and nut showed them to be in perfect 
condition. 

Inquiries directed to a number of manufacturers of heavy machinery 
developed the fact that there is considerable variation in the clear
ances used by diff<~rent concerns and no standard practice in this 
respect. Since the tests here described showed a satisfactory behavior 
of the bolt assembly with the circular nut, this type of nut with the 
clearance used in the test was adopted for the end connection of the 
tie rods. 

77. Summary and Conclusions.-With respect to hydraulic effi
ciency, the evidence developed by the investigation clearly showed 
the superiority of the streamline branch connection as compared with 
other types of branch connections, a result which might have been 
anticipated by a comparison of the geometrical forms of the various 
types considered. On the basis of hydraulic considerations alone, the 
streamline branch connection without tie rods is clearly more efficient 
than the streamline branch connections with the rods. However, the 
streamline branch connection with tie rods is more efficient than the 
angle branch connection without tie rods. 
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'\Vith respect to structural considerations, including strerigth and 
integrity, the choice lay between the support of the unbalanced in
ternn1 pressure load by some form of welded reinforcement, or by 
internal tie rods as used in the final model. From the viewpoint of 
structural mechanics, it is obvious that the most efficient method of 
carrying the unbalanced load in a structure of this character is di
rectly by members in tension rather than indirectly by combinations 
that involve bending and beam action. lVioreover, in the streamline 
branch connection with tie rods, the \velded parts of the structure are 
such as to permit high-grade welding at all joints, and to make possible 
the detection by radiography of any defects that might occur. It 
follows that the welded joints in the streamline branch should be as 
efficient and safe as those in any other part of the pipe system. The 
design is such as to obviate the connection by \velding between mem
bers of widely varying cross-section. An instance of this is the 
screwed connection in preference to a welded connection between the 
tie rods and the pipe shell. 

As regards the angle branch connection, the forms, proportions, and 
dimensions of smne of the parts of the structure are such as to cause 
wide temperature differences in both welding and stress relieving, and 
such as to make high-grade welding, as well as the detection of welding 
defects by radiography, difficult or irnpossible. Furthermore, as the 
result of experience with a similar form of structure on another project 
about that time, the contractor, who was responsible for the integrity 
of the work in accordance with the provisions of the specifications, 
announced hi1nself as being unwilling to guarantee the safety of welded 
joints in structures of this character and size. 

In the last analysis, the choice lay between (1) a design involving a 
small hydraulic advantage with some measure of doubt regarding its 
strength, integrity, and safety; and (2) a design involving a sacrifice of 
such hydraulic advantage for the sake of obtaining the highest practi
cable assurance of safety and integrity in the completed structure. 

In view of the foregoing considerations, it was concluded that the 
balance of advantage lay clearly on the side of the maximum degree of 
safety and integrity in the structure. Accordingly, the streamline 
branch connection with tie rods, essentially as detailed in figure 52, 
was adopted for connecting the penstocks to the penstock headers. 

Although model tests of the angle branch connection showed high 
stresses at certain locations around the outlet, the angle branch design 
was adopted for the branch connections in the canyon-wall outlet 
manifolds, as shown in figure 53, principally because of its greater 
simplicity in fabrication and the fact that the manifolds were to be 
embedded in concrete. 
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25- BY 13-FOOT THREE-WAY JUNCTION 

78. General Description.-Downstream from the penstocks, the 30-
foot penstock headers are reduced in size and continued downstream 
as 25-foot outlet headers. At the tunnel-plug outlet works, each 
lower outlet header is divided into three branches by means of a 25- by 
13-foot three-way junction, as shown in figure 54. 

A one-sixth scale model of the three-way junction was made, con
forming in essential particulars to the design which was finally adopted 
for the prototype, the major features of which are shown in figure 55. 
The shell was made of %-inch steel plate. The breeching consisted of 
the union of three conical surfaces, reinforced at their junction by 
three cast-steel diaphragms. The ultimate strength of the steel plate 
used in making the model was 62,300 pounds per square inch, and the 
yield strength 35,500 pounds per square inch. 

79. Model Tests.-In the preliminary test, the model was subjected 
to a hydrostatic pressure sufficient to stress the steel to three-fourths 
of the yield strength. The model was set on rigid supports, and 2;) 
dial gages, reading to one one-thousandth of an inch, were attached 
to an independent rigid framework for measuring movements normal 
to the surface. Tensometers \vere used for determining strain values 
at critical points. The model, which had been previously whitewashed, 
showed no evidence of cracking or flaking during the test. 

Following the preliminary test, the model was mounted on saddles 
and tested to rupture. The principal purpose of the test was to deter
mine the behavior of the breeching section of the wye. As a result 
of the preliminary test, it was found necessary to reinforce the bases 
of the conical caps forming the ends of the straight pipe sections. 
This was done by welding heavy reinforcing hoops around the bases 
of the cones. After completing the preliminary test, a manhole was 
cut on the lower side of the large cone, so that the inside of the model 
could be examined. Just prior to making the final test the model 
was stress-relieved, and the manhole closed. 

The model was tested in a horizontal position. Careful measure
ments were made to determine the spreading of the branches of the 
wye. At a pressure of 400 pounds per square inch, the tips of the 
cones at the ends of the branches had moved outward from each other 
distances ranging from Xs to %2 of an inch. Thereafter, as the pres
sure was increased, the direction of movement of the branches was 
reversed. At a pressure of 485 pounds per square inch, the tips of 
the cones had moved toward one another a distance of Yrs of an inch 
with reference to their original position at the beginning of the test. 

Except for the slight movement of the tips of the branches, there 
was little evidence of stress in the various parts of the model until a 
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NOTES 
Arizona and Nevodo sides ore 

identical downstream from 
point of intersection of three· 
way branch. ' 

All dimensions shown on the 
plan are projected on o · 
horizontal plane. 
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FIGURE 55.-DESTGN OF 2ti- BY 13-FOOT 3-WAY .JUNCTION. 

yield point stress was reached in the shell. At this stage the pipe 
sections became greatly distended. The expansion of the pipe im
posed a special burden upon the stiffener rings adjacent to the breech
ing. The stiffener ring on the main pipe section, consisting of a ,) 6-

by 2-inch web plate and a ~{s- by 11Yts-inch flange electrically welded, 
became unstable and bent sidewise; and finally the two butt-welded 
connections in the flange section of the ring were ruptured. Failure 
of the stifi'ener ring was immediately followed by failure of the shell 
of the main pipe section at the point where the ring first gave way. 
At this pressure the stiffener ring on one of the branches also failed. 

Although the diameter of the large pipe section increased from 50 
to 547~ inches, and the diameter of a branch increased from 26 to 307~ 
inches, no evidence of stress of a critical character could be found 
anywhere in the breeching. The highest test pressure, which occurred 
at the time of rupture and was 620 pounds per square inch, developed 
a computed hoop stress of 41,300 pounds per square inch. Figure 56 
is a general view of the model after the test, showing the distended 
pipe sections. 

80. Conclusions.--The results of the model tests led to the conclu
sion that the breeching of the three-way junction, as designed, was 
adequate for the purpose intended. At pressures that developed 
more than twice the working hoop stress in the pipe sections, the 
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FJG L"H.E 56.- l\IODEL Ol" 3-WAY J lJKCTIOK AFTER TEST. 

hreeching showed no evid ence of " ·eakness. The design detai ls of the 
model were accordingly incorporated in to tho plans for the prototype, 
\\·h ich , us fina lly designed , is sho\m in fi gme 55. It closely resembles 
tho model, pa rticul arly in Lh e des ign of Lb e breecbing and th e mmmcr 
of its reinforcemen t, ,,·hich were the most difficult problems of th e 
design. 

13-FOOT BY 9-FOOT WYE 

81. General Description.- Each of Llw tbrec 13-foot diameter 
branch es from th e 25- by 13-foot three-,my junctions of th e lo\\·er 
ou tlet b eadors, as shown in figm c 54, is I ur tb or divided in to t wo 
brancbes by a 13- by 9-foot wyc. A wye of the same type and size 
divides th e downstream Arizona penstock into two branch es. Two 
14- by 8 .5-foot wyc arc used in tLe m anifolds of the canyon-wall 
outlet works, as shown in figure 53. TJ1us, tll ere ar c nine wyes of th e 
sam~ typo and approximately th e sam e size in tbe p enstock: and outlet 
system . 

A one-s ixth scale model of th e 13- by 9-foo t wye was b uil t and tesLod 
in a manner similar to that d escrib<'cl for th e 25- by 13-foot three-way 
junction. The main p ipe st'c:lion of the model \\·as made of ~6-inch 
plato. Tho breecl1 ing, made of %6-inch pla t e, consisted of two conical 
surfaces r einforced at th eir junction b~- a en. t-st<'cl diaphragm. The 
s tock used in making Lh c model , as deLenn ined by test· of samples 
from each plate, had an average ultimate tensile strength of 55,300 
pounds p er square inch, and a yield strength of 40,400 pounds per 
square inch. 
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82. Model Tests.- The model, illu tratcd in figme .57, 'ms set on 
rigid supports . Dial gagPs, r eading lo one one-Lllousandtlt of an inch , 
were atlacll ed lo an independent rigid f"rame,,·ork, for measuring 
deflections normal to Lhc urfacc. Ten omclers were used for deter
mining strain nlues at all cr iti cal point . In a preliminary lest, th e 
hydro Lat ic pre ure wa sel to strl'SS thr plate in th e model lo three
fourth s of the yield s tr<'nglh. During Uris le l no e\·idence of any 
flaking or cracking in tho white\Yashed surface could be detected. 

FlGlHJ~ 57.- MODGL Olt' 13- BY 0-FOO'l' WYK 

The model \\'as s tre s-rclie.-ecl prior lo b('ginrring tire tes t to de true
lion, which wa made principally for lb' purpose of observing the 
behavior of the breeching. As Lhe test proceeded it became obvious 
tbat Lhe pipe ections \Yould fail before the breccltiug was ruptun'd. 
To prevent tbi , la rge reinforcing bands were placed around l it e 
sectio ns, as shown in Lhe fi g ure. The p r<'ssurc \\'aS fi nally advallct'd 
Lo 740 pounds per square irrcl1 , when a girLh weld iu th e main pi]w 
section ncar Lbc la rge cone \\·as ruptured. At this pressure, Llw 
computed hoop tension in the \mist section of tb c brecching ,,·as 
51,300 pounds per square inch. 

83. Conclusions.- At pressures whic·h developed more than t,,·ice 
the ,,·orking hoop lrc s in th e pipe section , Lhe brecching showed no 
evidence of weaknc in any of its parts . It wa a <.:corclingly concluded 
that the des ign of til wye, as represented by th o model, ,,·as adequate 
for the purpose int end ed. Th e principaJ detail s of tLe design of til· 
13- by 9-foot 'vye, \\'bich closely conform Lo those of Lhe model, arc 
shown in figure 58. 
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MANHOLES 

84. General Description.-To facilitate inspection and maintenance 
of the penstock and outlet system, manholes are provided at locations 
indicated in figures 8 to 11, inclusive. Three 16- by 20-inch manholes 
are located in each penstock header; and one 26- by 36-inch manhole 
in each outlet header at the construction adit. In addition, six 
temporary manholes for construction purposes were made near the 
upstream end of each penstock header. These were closed by butt
welded inserts, after placement of the concrete in which the upstream 
portions of the penstock headers are embedded. 

The conventional type of manhole reinforcement consists of a 
reinforcing plate around the opening, having a cross-sectional area 
equal to that of the plate removed in making the opening. As a 
result of this general practice, many such fittings are found with 
reinforcement of the customary circular, constant cross section, ring 
type of stiffener plate, even though stress conditions· may be entirely 
dissimilar. It is apparent from an investigation of the subject that 
disastrous failures in penstocks and pump discharge pipes have been 
caused by rule-of-thumb methods in design and by failure to provide 
for the stress conditions involved. 

The first tentative design of the manholes, which was included in 
the specifications and which followed conventional designs, consisted 
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of a saddle or reinforcing plate of cast or forged steel welded in place 
around the opening, with all of the added metal on the outside of the 
pipe shell. A later proposal contemplated the use of a circular cast
steel or forged-steel disk of sufficient area and thickness to supply 
the required reinforcement, with the opening in the center thereof, 
which would be rolled to the proper curvature and then butt-welded 
into a corresponding opening made in the pipe shell, so as to conform 
to the inside surface of the pipe. 

85. Stresses Developed in Construction.-It is apparent that when 
an insert is butt-welded into an opening made in a steel plate, such 
as tentatively proposed for making the manholes and for closing the 
temporary construction openings, the welded joint being extremely 
rigid, there is a possibility of developing dangerous residual welding 
stresses both in the insert plate and in the pipe shell or plate sur
rounding the insert. To explore the character and magnitude of such 
stresses, a detailed experimental test was conducted. From the cen
ter of a flat steel plate, 8 feet square and 1% inches thick, which was 
first normalized at from 1,550° to 1,580° F. and stress-relieved at 
1,100°, a 24-inch circular plate was removed. The chemical composi
tion of the plate was: 

Percent 
Carbon ___________________________________________________ 0. 25 
Manganese ______ ~ __ · _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 68 
Phosphorus _______________________________________________ .014 
SuUur____________________________________________________ . 028 
Silicon___________________________________________________ . 10 

The tensile properties of the plate, after normalizing and stress 
relieving, were: · 

Ultimate strength, pounds per square inch___________________ 65, 200 
Yield strength, pounds per square inch______________________ 38, 000 
Elongation in 8 inches, percent_____________________________ 32. 1 
Brinell hardness__________________________________________ 134 

After cutting the 24-inch circular plate from the square test plate, 
a standard welding groove was machined along the circumference of 
the opening and around the edge of the circular plate. Both pieces 
were then normalized by heating to 1,600° F., holding for 2 hours, 
and air cooling; then stress-relieved by heating to 1,150°, holding for 
1% hours, and furnace cooling. The normalizing and stress-relieving 
treatments caused the center section of the square plate to warp or 
dish downwards a maximum depth of IX inches, as illustrated in 
figure 59. The plate was straightened by passing it between heavy 
rolls, after which it was again stess-relieved. 

The circular plate was butt-welded into the opening in the 8-foot 
square plate, using X-inch electrodes, with 360 amperes at 30 volts 
alternating current. The first two layers of metal were deposited as 
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0-inch beads in ucccss ion at opposite points aro11ncl the circular joint. 
The rem a ind cr of the ,,·clcl m etal \\·as ca cad ed, the taper extending 
for onc-hnlf the c·ircumference of the jo int. Each bead wa thoroughly 
JH'enccl. Radiographi exam ination of the weld did not disclose any 
cldects. 

59.- DISTOHTION OF SQ ARE PLATE 
TREATME~T. 

The region a round the circular weld was then locally stress-relieved, 
u ing fom· 2-fool- quare electrical radiant healers and necc ary insu
lation. Th e temperature " ·as in crea eel 200° F. p ee hoUl' to 1,150°, 
,,·here it was helcl for 2 hours and then cooled slowly. AfLer this, Lhe 
joint was again n1cliographcd, sho" ·i11o no defects. After s trc reliev
ing, Ll1 c cil·culm· plate was cut frc(' from the parent plate, by cuLLing 
a %-inch slot through the center of the weld. All welding mrtal was 
Lbcn machined from both the circular p la te and Lhe large paron L plate. 

Strain-gage, temperature, and departure r eadings ' ' ·ere Lakcn b efore 
and after each oprration, aJICI a t such other time intervnl as deemed 
necessary. I n [)ttttiGu lar, st rnin mcasurenwnls were mndc (1) before 
welding, (2) af ter \\·elding, (3) aft er local tress relieving, (4) after 
culling the slot through the weld, and (5) after removing the weld 
metal. D cpartu rc mcasurcmcn Ls \\' CJ'C m.udc (1) before welding, 
(2) after \H'lding , and (3) nfter local s tress relieving . 

AJt cr completing the series of operat ions jusL described, they \\'ere 
rC'pealc.'d, beginning hy again weld ing Lhe circular plate into Lhe plate 
nssembly, then str ess rclicYing, and ·ontinuing wi th the sam e opera
lions and observations as b'fore, wilh pnt. tically coni tenL resulLs. 

86. Summary and Conclusions.- The in vt' tigaLion sho\\·c.'d Lb at bu tt 
\\·eldi.ng a circular steel plate inlo a cin:ular hole in a large p late 
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produces severe plastic deformation of the metal adjacent to the weld, 
with stresses exceeding the yield point for a distance of approximately 
9 inches outwardly, and 3 inches inwardly from the weld. All radial 
stresses produced were tension, both on the top and bottom surfaces. 
All tangential stresses in the border plate on the top and bottom 
surfaces were compression, while those in the central circular plate 
were tension. Compressive tangential stresses were approximately of 
the same order as tensile radial stresses at the same locations. 

In local stress relieving to eliminate residual stresses due to welding, 
new stresses were developed which, in some sections of the affected 
area, were greater in magnitude than the original residual welding 
stresses. The area affected by the secondary stresses was greater 
than the area affected by the original welding stresses. Data derived 
from the experiments show relatively large deformations as a result 
of stress relieving. A more striking indication of the enormous 
stresses developed by locally heating the central part of the plate was 
furnished by photographs taken during the tests, one of which showed 
Luder's lines over practically the entire top surface of the plate, 
indicating that it had been stressed beyond the yield point. 

The experiments having clearly demonstrated that the proposed 
insert type of reinforcement was not feasible under the conditions 
existing, because of dangerous stresses developed in welding and stress 
relieving, this type of reinforcement was dropped from further con
sideration. 

87. Pyralin Model Experiments.-The welded insert type of rein
forcement having proved to be infeasible, an extensive investigation 
was instituted for the purpose of developing a satisfactory solution of 
the problem of manhole reinforcement. This included tests on steel 
plates and models; mathematical analyses; and photoelastic studies, 
including experiments on pyralin plates and models having various 
forms of reinforcement. · 

Photoelastic studies were made to determine stress flow and distribu
tion in flat plates and cylindrical models having circular or elliptical 
holes with: (1) no reinforcement, (2) reinforcement supplied by a 
vertical collar, (3) w'cldecl bar type of reinforcement, and (4) various 
forms of plate reinforcement. First quality pyralin was used for the 
models, because of its uniform optical properties and the ease with 
which it can be machined and formed. The various parts of each 
model, prior to fabrication, as well as the model when completed, were 
examined for residual stresses. The models were carefully and 
accurately made, the various parts being filed to final dimensions. A 
cellulose acetate cement was used in order to provide a transparent 
bond bet·ween the reinforcing members and the plates or cylinders. 

Values of the modulus of elasticity and Poisson's ratio were obtained 
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from tests made on 18- by 46-inch flat pyralin sheets. Since pyralin 
has no direct straight-line relation between stress and strain, the 
measurements were taken several hours after the st:qess was applied. 
The temperature was maintained at 80° F. throughout the duration of 
the test. The data obtained reduced to the following values: 

Stress, Modulus of Poisson's elasticity, lb. per sq. in. lb. per sq. in. ratio 

790 326,000 0. 282 
1,500 280,000 

i 
. 361 

A strain gage of 10-inch length \Vas ernployed to secure the data. 
Readings were taken on both sides of the sheet, to provide data which 
would cancel out any binding in the sheet, since it was not perfectly 
flat. The gage holes were drilled in small pyralin sockets which were 
cemented to the large sheet and later removed, leaving no objection
able holes or marred surfaces. 

In any plate subjected to external loading there are two principal 
stresses at any point, acting at right angles to each other. The object 
of the photoelastic studies was to determine the direction and magni
tude of the principal stresses at any point in the optical model. The 
testing apparatus was so designed and constructed that any desired 
tension up to 6,000 pounds per square inch could be applied to a 
pyralin sheet up to 25 inches in width. The load applied to any sheet 
was obtained by the use of tension bars of various diameters which 
could be interchanged in the tension frame, to give the required degree 
of sensitivity for various loads. The tension bars were calibrated 
with tensometers. Stress-strain curves were obtained by fitting the 
bars in a standard testing n1achine, varying the load, and recording 
the elongation as given by two diametrically opposite tensomcters. 
In this test two tensometers were used to cancel out the effect of 
flexure in the tension bars. 

Stress investigations were made on 20 pyralin models of manhole 
designs of various types, in which the concentration of stresses at the 
edges of the opening on the longitudinal axis of the pipe varied from 
1 to 2.74 times the hoop stress in the pipe shell, thus establishing the 
most effective location for reinforcement. At a distance equal to the 
diameter of the hole along the longitudinal axis of the pipe, the stress 
concentration reduced to zero, and the lines of principal tensile stress 
appear practically straight and parallel. 

88. Final Design.-The investigations resulted in the development 
of the design shown in figure 60, consisting of an elliptically shaped 
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opening with its major axis perpendicular to the pipe axis,_ with rein
forcement consisting of a diamond-shaped plate around the opening 
on the outside of the pipe shell and an elliptically shaped plate sur
rounding the opening on the inside of the pipe. The inside plate is 
streamlined with a long tapered outside edge. This produces a sym
metrical reinforcement around the pipe shell. The additional hoop 
stresses caused by bending in the pipe shell at the boundary of the 
reinforced area can be reduced only by reinforcement with a gradually 
increasing flexural stiffness. This is provided by the diamond-shaped 
plate. A further improvement in stress distribution is afforded by the 
elliptical shape, with the major axis perpendicular to the axis of the 
pipe, as compared with the circular opening. Figure 60 also shows 
the two-dimensional stress distribution around a circular opening, as 
obtained by photoelastic analysis on .a flat plate of pyralin with a 
central circular hole, when subjected to tensional stress. 



CHAPTER V-TUNNELS, ANCHORS, AND 
SUPPORTS 

TUNNELS 

89. General Description.-The tunnels, wherein arc installed the 
pipes of the penstock and outlet system, were constructed as appur
tenant features of Hoover Dam and are described in bulletin 4 of 
part IV, entitled Diversion, Outlet, and Spillway Structures. The 
description here given is restricted to the scope considered essential in a 
report on the design and construction of the penstock and outlet sy~tern. 

Specifications .No. 534, covering the construction o( the pPnstoek 
and outlet system, stipulated that the pipc-~s, except the outlet mani
folds and 'branches, should be installed in concrete-lined tunnels of 
the dimensions shown on the drawings to be provide.d by the Govern
ment; that the manifolds and outlet pipes should be installed in unlined 
tunnels, and after acceptance, should be ern bedded in concrete by the 
Government; that the pipes in the inclined tunnels leading downward 
from the intake towers, should, after acceptance, be embedded in con
crete by the Government; and that all concrete anchors, piers, and 
thrust blocks, including all necessary grouting, should be constructed 
by the Government. · 

The work to be done by the Government in providing tunnels in 
which the various pipes and their appurt<~nances were to be installed, 
including construction of the necessary anchors, piers, a.nd thrust 
blocks, was performed by the contractor engaged in the construction 
of H"oover Dam, power plant, and appurtenant works, in accordance 
with specifications No. 519. 

Va.rious general features of the penstock and outlet tunnels, in
cluding locations of anchors, piers, and thrust blocks, are shown in 
figures 8 to 11, inclusive. Figure 61 shows the general lay-out of the 
penstock and outlet tunnels, and figure 62 shows typical sections. 
The upstream part of each penstock and outlet unit, installed in the 
inclined portion of the tunnel leading downward from the intake tower; 
the downstream part of each unit, including the rnanifold and outlet 
pipes; and the lower ends of the penstocks adjacent to the power-
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house, are embedded in concrete, forming anchors 3, 6, and 1, respec
tively. These concrete-encased sections constitute the terminal 
anchors of the units. 

90. Construction Adits.-To make the inner diversion tunnels acces
sible for installation of the pipes of the penstock and outlet system, 
construction adits, 26 feet wide by 43 feet high, were driven from 
cableway landings at elevation 673 on the canyon walls to each of 
the tunnels, after the tunnels were no longer needed for diversion 
purposes. To make the tunnels of the upper units accessible, both 
for construction of the tunnels and for installation of the pipes, con
struction adits of the same size were driven from cableway landings 
at elevation 799.6 to the header tunnel locations. Construction arlits 
for both upper and both lower units were so located that the cable
way landings at the portals are directly under the 150-ton cableway 
near the downstream end of the powerhouse. 

The floors of the construction adits were paved with concrete having 
a minimum thickness of 12 inches. A steel rail track of 19-foot gage, 
to accommodate cars used for hauling pipe and other materials and 
equipment, was built into the floor of each adit. The walls and roofs 
of the adits, because of the excellent quality of the rock, were not 
lined. 

The lower adit on the Arizona side, from portal to centerline of 
tunnel, see figure 61, is 297.1 feet long. The floor of the adit slopes 
downward on a gradient of 0.176 from elevation 673 at the portal to 
627.7 at a point 40 feet from the center line of the diversion tunnel. 
The lower Nevada adit is 362.4 feet long and the floor slopes down
ward on a uniform gradient of 0.138 from elevation 673 at the portal 
to 628.5 at a point 40 feet from the center line of the diversion tunnel, 
see figure 62. The floor of each lower adit is 2 feet below the tunnel 
invert at the point of intersection. 

The upper adit on the Arizona side of the canyon, from the portal 
to the center line of the upper penstock and outlet header tunnel, is 
156.7 feet long. The corresponding length of the upper adit on the 
Nevada side of the canyon is 140.6 feet. The floors of the upper 
adits are practically level throughout. Each is at elevation 800 on 
the center line of the header tunnel. The floor of each upper adit 
is 1.5 feet below the invert of the 37 -foot tunnel at the point of 
intersection. 

91. Lower Penstock and Outlet Tunnels.-The two diversion 
tunnels nearer the river, when no longer required for diversion purposes, 
were, in part, fitted for use in connection with the penstock a11d outlet 
system, see figures 1, 10, and 11. This involved construction of con
crete plugs in each tunnel at the ends of the sections to be utilized; 
excavation of an inclined tunnel connecting the upstream end of each 
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section to the adjacent upstream intake tower; and excavation of 
four branch tunnels from each inner diversion tunnel to the power
house. The downstream plugs, as shmvn in figures 3 and 6:~, include 
chambers for the outlet vahes and their operating mechanism. 

In diversion tunnel 2, see figure 1, which was altered to form the 
lower Nevada penstock and outlet header tunnel, the upstream tunnel 
plug extends between stations 12+89.61 and 15+95.61. In diversion 
tunnel 3, altered to form the lower Arizona penstock and outlet 
header tunnel, the upstream plug extends between stations 11 + 14.05 
and 14+20.05. Each of the plugs, which are exposed to reservoir 
pressure, consists of three tapered conieal keys, each 102 feet long, by 
which the plug is keyed to the surrounding rock. The two upstream 
keys are identical, with a maximum diameter of 62 feet tapering to a 
diameter of 52 feet at the dmvnstream ends. The downstream key, 
with a maximum diameter of 65 feet tapering to a diameter of 55 
feet at the downstream end, is intersected by the inclined tunnel from 
the intake tower. The downstream portions of the plugs are molded 
to form parts of the transitions between the 50-foot horizontal tum1els 
and the 37 -foot inclined tunnels leading to the in take tmvers. 

The downstream tunnel plugs, which form anchors 6 of the lower 
penstock and outlet units, embed the lmver ends of the 25-foot outlet 
headers, the outlet manifolds, and pipes leading to the six 72-inch 
needle valves in which the outlet headers finally tenninate. They 
also include chambers which house the operating mechanism of the 
needle valves and emergency gates. 

· Including the space occupied by the. tunnel plugs, approximately 
1,897 feet of the inner Nevada diversion tunnel and 1,976 feet of the 
inner Arizona diversion tunnel are utilized as housings for the headers 
and outlet pipes of the lower units. The remaining portions of the 
inner diversion tunnels downstream from the tmmel-plug outlets are 
also utilized as parts of the outlet system, since they convey the dis
charge from the outlet valves to the river channel. 

Each inclined tunnel connecting an inner diversion tunnel, now a 
penstock and outlet header tunnel, with an upstream intake tower 
leaves the base of the tower through a vertical curve having a radius 
of 70 feet, see figure 62. The central angles are approximately 38° 
and 52°, respectively, for the Arizona and Nevada tunnels. Below 
the initial curve in the Arizona inclined tunnel, a tangent of 135.60 
feet is connected to the center line of the diversion tunnel by a curve 
having a radius of 120 feet, a length of 168.91 feet, and a central angle 
of 80° and 39 minutes. Below the vertical curve at the base of the 
Nevada tower, a tangent of 225.41 feet is connected to the center line 
of the diversion tunnel by a curve having a radius 0f 120 feet, a length 

819135°--49----11 
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of 115.16 feet, and a central angle of 54° and 59 minutes, measured in 
a plane common to the center lines of the main tunnel and the 
branches. 

The penstock tunnels, except for a distance of about 35 feet adjacent 
to the powerhouse, were excavated to a circular section, 21 feet in 
diameter, and lined with an average thickness of 18 inches of unrein
forced concrete, making the finished tunnels 18 feet in diameter. 
Benches on the sides of the inverts were placed integrally with the 
lining, to provide supports for the penstock brackets. Tunnel sec
tions adjacent to the powerhouse were excavated to a diameter of 
18 feet for a distance of about 35 feet and were not lined. They were 
backfilled with concrete after the 13-foot penstocks had been installed 
and accepted, forming the number 1 anchors of the lower penstock 
and outlet units. 

The first penstock tunnel of the lower Arizona unit is 925 feet from 
the base of the intake tower, nteasured along the center line of the 
header tunnel. The first penstock tunnel of the lower Nevada unit 
is 84~3 feet from the base of the intake tower. The lower Nevada 
penstock tunnels are spaced at intervals of practically 126 feet along 
the center line of the header tunnel, and the lower Arizona tunnels 
arc spaced at intervals of 127 feet, except for the first two which arc 
spaced at 63.6 feet. 

The average length of the lower Arizona penstock tunnels, from the 
side wall of the main tunnel to the rear wall of the powerhouse, which, 
for the most part, is built against the rock of the canyon wall, is ap
proximately 314 feet. The corresponding length of the lower Nevada 
penstock tunnels is approximately 343 feet. Each penstock tunnel 
of the inner diversion tunnels has a total fall of approximately 13 feet, 
sloping uniformly from an average center-line elevation of 650 in 
the main tunnel to elevation 637 at the rear wall of the powerhouse. 

92. Upper Penstock and Outlet Tunnels.-Unlike the tunnels hous
ing the headers of the lower penstock and outlet system, the upper, tun
nels were constructed expressly as housings for the upper penstock 
headers. Except for inclined portions adjacent to the upstream 
ends, where the tunnels connect with the downstream intake towers, 
the upper header tunnels are horizontal throughout their length, 
with center lines at elevation 820. The header tunnels were exca
vated to a diameter of 41 feet and lined with an average thickness of 
24 inches of concrete, making the finished tunnels 37 feet in diameter. 

The upper Arizona penstock and outlet tunnel, from the base of 
the intake tower to the point where it terminates at the entrance to 
the downstream outlet tunnel, is about 1,378 feet in length, see figure 
8. A vertical curve, with a central angle of 90° and a radius of 70 
feet, begins at the base of the intake tower. Beginning at station 
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1 +36.37, the tunnel follows a horizontal curve with a central angle 
of 40° 14 minutes and a radius of 120 feet. At the downstream end 
of the tunnel, a section about 144 feet long, containing the outlet 
manifold, was excavated to a diameter of approximately 31 feet. 
This section was not lined, but was backfilled with concrete after 
installation and acceptance of the pipe, forming a part of anchor 6. 

The upstream part of the upper Arizona header tunnel, for a distance 
of 221 feet from the base of the intake tower, including the vertical and 
horizontal curves, although lined with concrete to facilitate erection of 
the 30-foot pipe, was backfilled with concrete after the pipe had been 
installed and accepted, forming anchor 3. 

The upper Nevada penstock and outlet tunnel, from the base of the 
tower to the head of the downstream outlet tunnel, is about 1,550 feet 
in length, see figure 9. A vertical curve, with a central angle of 90° 
and a radius of 70 feet, begins at the base of the intake tower. Hori
zontal curves begin at stations 1 +42.27 and 10+93.35, each with a 
radius of 120 feet and deflection angles of approximately 43° and 23°, 
respectively. The tunnel was excavated to a diameter of 41 feet and 
lined with concrete to a diameter of 37 feet, from the intake tower to 
the downstream side of the construction adit, a distance of 1,335 feet. 
For 59 feet downstream from the adit, the tunnel was excavated to a 
diameter of 35 feet and lined with concrete to a Jiu1p.eter of 31. feet. 
The remaining portion of the tunnel, in which the outlet manifold is 
installed, was excavated to a diameter of approximately 31 feet. It was 
not lined, but was backfilled with concrete following installation and 
acceptance of the pipe, forming a part of anchor 6. 

The upper portion of the upper Nevada tunnel, from the base of the 
intake tower to the end of the first horizontal curve, a distance of 
233.17 feet, although lined to facilitate erection of the pipe, was back
filled with concrete after installation and acceptance of the pipe, 
forming anchor 3. 

The penstock tunnels of the upper units, with the exception of about 
35 feet at their lower ends, where they curve to a horizontal direction, 
were excavated to a diameter of 21 feet and lined with an average 
thickness of 18 inches of concrete, to provide finished tunnel sections 
18 feet in diameter. Benches on the sides of the inverts to accommo
date pipe brackets, were cast integrally with the lining. For a distance 
of approximately 35 feet adjacent to the powerhouse, the tunnels were 
excavated to a diameter of about 18 feet, and were not lined. These 
sections were backfilled with concrete following installation and 
acceptance of the 1.3-foot penstocks, forming anchors 1. 

The average length of the upper Arizona penstock tunnels, from the 
side wall of the header tunnel to the rear wall of the powerhouse, is 
about 303 feet. The first three penstock tunnels are inclined down-
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ward at an average angle of 36° from the horizontal, sloping from a 
center-line elevation of 820 at the header tunnel to 637 at the back wall 
of the powerhouse. The fourth tunnel slopes downward at an angle of 
about 46°. At a distance of about 51 feet back of the powerhouse, the 
fourth tunnel is curved to the horizontal and divided into two branches. 
The branches were excavated to a diameter of about 13 feet and were 
not lined. They were backfilled with concrete after the installation of 
the two 9-foot branch penstocks connecting with turbines A-8 
and A-9. 

The first penstock tunnel of the upper Arizona unit is 542 feet 
downstream from the base of the intake tower, measured along the 
center line of the header tunnel. The other penstock tunnels are 
spaced at intervals of approximately 190, 127, and 132 feet, respec
tively, along the header tunnel. 

The upper Nevada penstock tunnels· are inclined downward from 
the horizontal at an average angle of about 33°. The average length 
of the four tunnels, from the side wall of the header tunnel to the 
rear wall of the powerhouse, is practically 324 feet. The first penstock 
tunnel is approximately 645 feet from the base of the intake tower, 
and the tunnels are spaced at intervals of 126 feet along the center 
line of the header tunnel. 

Each upper penstock and outlet header tunnel, as shown in figure 
1, terminates in six outlet tunnels wherein the 8.5-foot outlet pipes 
leading to the canyon-wall valve houses are installed. The average 
length of the outlet tunnels, from the side walls of the main header 
tunnels to the rear walls of the valve houses, is about 135 feet. The 
tunnels are located on angles of 60° from the downstream direction 
of ·the main tunnel, are on a level grade, and are spaced at intervals 
of 25 feet, at right angles to their center lines. The design provided 
for a horsehoe-shaped section, approximately 11 feet in diameter, 
with keyways 16 feet in diameter by 4 feet wide, spaced at intervals 
of about 35 feet. The outlet tunnels were not lined, but were back
filled with concrete after the pipes had been installed and accepted, 
forming the remaining parts of anchors 6 of the upper units. 

93. Grouting and Draining Lower Tunnels.-The design of the di
version tunnels provided for an extensive system of grouting to seal 
contact planes, fill cavities back of the tunnel lining, and seal frac
tures or seams in the surrounding rock, in order to reduce seepage. 
The designs also provided for a drainage system to prevent the 
development of excessive hydrostatic pressures in the rock surround
ing the tunnels. The grouting and drainage systems were designed 
with special reference to the utilization of the tunnels in connection 
with the penstocks and spillways, see fig. 64. 

To seal cavities between the tunnel arch lining and the rock, three 
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holes spaced at an angular distance of 45°, with the middle hole 
on the vertical ·axis, were drilled through the concrete lining at 
horizontal intervals of 20 feet along the diversion tunnels. Grout 
was injected into the holes at pressures of from 50 to 100 pounds 
per square inch. Additional holes, each with a vent hole, were 
drilled and grouted at all points of excessive overbreak. The plans 
and specifications permitted the use of pipes, placed in connection 
with the forms for tunnel lining, in lieu of holes drilled through the 
concrete lining. All holes, both for grouting and for drainage, had 
a minimum diameter of 1 inch at the bottom. 

Following the low-pressure grouting, the inner diversion tunnels, 
for a distance of about 500 feet downstream from the sites of the 
upstream tunnel plugs, were high-pressure grouted, generally at a 
pressure of 300 pounds per square inch. For this grouting, rings of 
eight holes \vere drilled at horizontal intervals of 20 feet, midway 
between the stations of the low-pressure holes. The holes of each 
ring were equally spaced around the periphery of the tunnel, and 
were driiied to depths of 24 feet. On cornpletion of the high-pressure 
grouting, three drainage holes, one on the vertical axis and one at 
an angular distance of 45° on each side, were drilled to depths of 
24 feet in the roof of the tunnel, at horizontal intervals of 20 feet, 
midway between the rings of high-pressure grout holes and approxi
mately in the same locations as the low-pressure grout holes. 

The remaining part of each inner diversion tunnel that was used as 
a housing for a penstock and outlet header, about 1,000 feet, was not 
high-pressure grouted, but was provided with drainage. Rings of 
five drainage holes were drilled to depths of 24 feet, at horizontal 
intervals of 20 feet, rnidway between the stations of the low-pressure 
grout holes. Three holes were placed in the roof of the tunnel, one 
on the vertical axis and one at an angular distance of 45° on each side; 
and one hole was placed at each side of the invert, at about 42° from 
the vertical axis. 

After the inclined tunnels connecting the upstream intake towers 
and the inner diversion tunnels had been excavated and lined, rows 
of three holes were drilled through the lining in the crown of the tun
nel, at intervals of 20 feet, the holes being spaced at an angular dis
tance of 45° with the central hole on the vertical axis of the tunnel 
section. Grout was injected into the holes at pressures of from 50 to 
100 pounds per square inch. After completing the low-pressure grout
ing, rings of high-pressure grout holes were drilled midway between 
the rows of low-pressure holes, at intervals of 20 feet. Each ring con
sisted of six holes, 24 feet deep, equally spaced around the circum
ference of the tunnel, the holes in successive rings being staggered. 
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Grout was injected into the holes under a pressure of 300 pounds per 
square inch. 

Following installation of the 30-foot pipe in the inclined tunnels and 
the placement of concrete backfill, six holes, equally spaced around 
the circumference, were drilled through the pipe shell of each section, 
at intervals of approximately 22 feet, for grouting the concrete sur
rounding the pipe. The holes in the pipe were plugged after the 
grouting was completed. 

In the lower penstock tunnels, where 13-foot penstocks are installed, 
two low-pressure grout holes, spaced at 45° on each side of the vertical 
axis, were drilled through the concrete lining in the crown of the tunnel 
at intervals of 20 feet, and grout applied at a pressure of 100 pounds 
per square inch. Alternating with the low-pressure grout holes and 
at intervals of 20 feet, three drain holes, one in the crown of the tunnel 
and one at each side on the horizontal axis, were drilled to a depth of 
12 feet. 

94. Grouting and Draining Upper Tunnels.-In the 37-foot header 
tunnels of the upper units, three low-pressure grout holes, one on the 
vertical axis of the tunnel section and one at an angular distance of 
45° on each side, were drilled through the concrete lining in the roof 
of the tunnel. Grout was injected into the holes at pressures of from 
50 to 100 pounds per square inch. Additional holes, with vent holes, 
were drilled at all points of excessive overbreak. 

In the part of each tunnel adjacent to the intake tower, which was 
to be backfilled with concrete after the installation of the pipe, six 
high-pressure grout holes, equally spaced around the circumference 
of the tunnel, were drilled at intervals of 20 feet, midway between the 
rows of low-pressure grout holes. These holes were drilled to a depth 
of 24 feet, the holes of alternate rings being staggered. Grout was 
injected into the holes at a pressure of 300 pounds per square inch. 

Following installation of the 30-foot pipe and placement of concrete 
backfill forming anchors 3, six holes, equally spaced around the cir
cumference of the pipe, were drilled through the shell of each fabri
cated section of pipe, at intervals of approximately 20 feet. After 
grouting at a pressure of 100 pounds per square inch, the holes were 
plugged with special tapped plugs, screwed into place and peened. 

Between anchor 3 and the upstream penstock tunnel in each of the 
upper header tunnels, six 24-foot holes, equally spaced around the 
circumference of the tunnel, were drilled at intervals of 20 feet, midway 
between the low-pressure grout holes. Grout was injected into the 
holes at a pressure of 300 pounds per square inch. Alternating with 
the rings of high-pressure grout holes and midway between them, or 
approximately in line with the low-pressure grout holes, four drainage 
holes, equally spaced around the circumference, were drilled radially 
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to a depth of 24 feet, the holes of alternate rings being staggered. 
From the center line of the upstream penstock to anchor 6, which 
embeds the outlet manifold in each main tunnel, four drainage holes, 
equally spaced around the circumference, midway between the rings 
of low-pressure grout holes, were drilled radially to a depth of 24 feet. 

In portions of the tunnels occupied by the outlet manifolds and out
let pipes, which were not lined but were backfilled with concrete after 
the pipe had been installed, grout at a pressure of 100 pounds per 
square inch was injected into holes drilled in the top quadrant of the 
pipe and through the concrete backfill in the roof of the tunnel. Three 
holes, one on the vertical axis of the pipe and one at an angular dis
tance of 45° on each side, were drilled in each pipe section, at intervals 
of approximately 18 feet. After grouting was completed, tapped 
plugs were screwed into the holes in the pipe shell and peened into 
place. 

ANCHORS 

95. General Requirements and Design.-In general, the function of 
a pipe-line anchor as ordinarily designed and constructed is to hold 
the pipe securely in its proper position at the point of anchorage, pre
venting movement due to any cause, including hydrostatic, dynamic, 
and temperature forces. The anchor must accordingly exert in the 
pipe at the point of anchorage a force equivalent in magnitude and 
opposite in direction to the resultant of all forces acting on the pipe at 
that point. In the Hoover Dam penstock and outlet system, the 
customary expansion joints between anchors were not installed, and 
movements of the pipe arc prevented by changes in stress conditions 
within the pipes. Accordingly, a special requirement affecting the 
design of the anchors was their utilization in facilitatir~g the prestres
sing of the pipe and preventing movements after final closure, as 
described in chapter IX. 

The anchors were designed to withstand all unbalanced forces in the 
pipe resulting from hydrostatic and dynamic loads, and all forces due 
to variations in temperature of the pipe shell. For a pipe of varying 
diameter, having reducers and bends, the unbalanced forces on the 
various fittings must also be taken into consideration. ·The maximum 
resultant forces on the anchors occur, as a rule, with the pipe empty. 
The maxiumum temperature for this condition was assumed at 100° 
F., which is 55° above the temperature at which closure was made. 
Based on information obtained from measurements at various existing 
reservoirs, the low temperature of the water was estimated at 45° F., 
and the high temperature at 80°, which would mean a fluctuation of 
35° in the temperature of the pipe when filled with water. 

The anchors were designed on the basis of preventing changes in 
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the length of the pipe due to temperature variations or other causes. 
vVith a pipe of uniform diameter, anchored at both ends and having 
a shell of varying plate thickness, the force P which the pipe will 
exert on the anchors due to an increase in temperature, disregarding 
friction on supports, is computed by the formula 

where 
c=coefficient of thermal expansion, 0.0000067 per °F. 
t= rise in temperature of pipe slwll above final closing tem

perature of pipe line, in °F. 
E-= Young's modulus of elasticity, 30,000,000 pounds per 

square inch. 
J.L=Poisson's ratio, 0.303. 
u=hoop stress in pipe shell 1n pounds per squarp inch, 

positive if tensile. 
L 1, Lz=lengths of pipe in inches. 
At, Az=cross-sectional area of pipe shell in square inches. 

P=compression when positive. 

The spacing bet\veen anchors varies from 178 to 457 feet in the 
upper tunnels, and from 283 to 474 feet in the lower tunnels.· The 
computations indicated unbalanced forces ranging upward to about 
20,000,000 pounds to be provided for in the anchors for the upper 
units, and forces ranging upward to about 30,000,000 pounds to be 
provided for in the anchors of the lmver units. In designing the 
anchors, an allowable compressive stress of 800 pounds per square 
inch was used for concrete, and an allowable tensile stress of 20,000 
pounds per square inch for steel reinforcement. 

The locations of the anchors are shown in figures 65 and 66. The 
anchors are designated by numbers 1 to 7, inclusive, indicating the 
order in which they were used in prestressing the pipe, as described 
in chapter IX. Locations of supplemental anchors, installed later 
in order to provide additional security against earthquake vibrations, 
are not shown on the figures. 

96. Terminal Anchors.-The outer ends of the penstocks and the 
upstream and downstream ends of the penstock and outlet headers 
are securely anchored to the surrounding rock by anchors 1, 3, and 6, 
respectively. 

Each penstock, for a distance of about 35 feet adajcent to the power
house, including the curve where the penstock changes from an in
clined to a horizontal direction, is einbedded in heavily reinforced 
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concrete, forming anchors as shown in figure 67. Each anchor is tied 
to the surrounding rock by 1?~-inch sq1iare bars, grouted in 4-inch 
holes drilled to a depth of 8 feet into the rock, the outer end of the 
bar being hooked around the longitudinal and hoop reinforcement. 
The anchor-bar holes were inclined upstream at an angle of about 60° 
from the center line of the tunnel; and the bars were spaced at intervals 
of 3 to 6 feet; with an average of about 95 hooked anchor bars in each 
anchor. 

~routed anchor bars 
tied to circumferential 
reinforcement steel 

SECTION A-:A 

...-.-Graul holes 4"dio x s'-o"deep Holes slope 
•• -··· / 612 wilh '< of penstock and h~ve sufficient 

_./ f slope wllh harizont~l to insure flow of qroul. 

~ ,.-r Cork joint between 
~ : anchor ond back 

PLAN OF ANCHOR 

t:::~·.:~:.:'_o/" .......... ~ 
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SECTION 

;B~ck of power
house wall. 
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FIGURE 67.-DESIGN OF ANCHORS 1. 
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After the concrete backfill forming anchor 1 had been completed, 
it was pressure-grouted through holes tapped into the pipe shell and 
drilled through the concrete. Groups of three holes, one at the top 
and one at an angle of 45 ° on each side, were drilled at intervals of 
about 20 feet along the anchor. Additional holes, each provided with 
a vent hole, were placed at all points of unusual overbreak. After 
grouting had been completed, the holes in the pipe were sealed with 
special plugs, screwed in and peened. 

Anchors 3 embed the upstream parts of the penstock and outlet 
headers, including the parts contained in the inclined tunnels extend
ing downward from the intake towers. These anchors are 220.6, 
23:~.2, 358.2, and 414.6 feet long, respectively, for the upper Arizona, 
upper Nevada, lower Arizona, and lower Nevada headers. Anchors 
3 were not reinforced. 

The concrete surrounding the 30-foot penstock headers was placed 
by means of chutes, from the bases of the towers, the initial section of 
each header having been provided with six 16- by 24-inch elliptically 
shaped manholes for this purpose. When the concrete reached the 
level of the manholes, they were closed by plug welding. The remain
cl er of the concrete backfill was then placed by pressure grouting 
through tapped holes near the top of the pipe. 

After the concrete had set, it was pressure-grouted through 2-inch 
holes, tapped into the pipe shell and drilled through the concrete back
fill. Rings of six holes, equally spaced around the pipe, were drilled 
at intervals of about 20 feet, the holes of successive rings being stag
gered. After grouting had been completed, the holes in the pipe were 
sealed as previously described. 

The downstream tunnel plugs, which form anchors 6 of the lower 
penstock and outlet units, embed the lower ends of the 25-foot outlet 
headers, the outlet manifolds, and the pipes leading to the six 72-inch 
needle valves in which the outlet headers finally terminate. The 
plugs also contain valve chambers which house the operating mecha
nism for the needle valves and emergency gates. Each valve chamber 
is approximately 115 feet long at right angles to the tunnel, about 35 
feet wide, and 66 feet high from the lower floor to the roof. The 
downstream plug of the lower Nevada tunnel is between stations 
25+24.00 and 31 +87.15; and that of the lower Arizona tunnel is 
between stations 25+53.00 and 30+90.49, of the original diversion 
tunnel. At the downstream end of each plug, a reinforced-concrete 
wall, 4 feet thick, closes off that part of the diversion tunnel utilized 
in the installation of the outlet pipes and valves and forms the outer 
wall of the operating chamber. 

Construction of anchors 6, or the downstream tunnel plugs, in
volved the removal of the original tunnel lining and surrounding rock 
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to form a diamond-shaped chamber having a maximum width of 
approximately 120 feet, a length of about 200 feet along the center 
line of the tunnel, and a maximum height of 80 feet. Anchors 6 of 
the lower units, see figure 68, are extended to the roof of the original 
diversion tunnel only for a distance of 20 feet, beginning at a point 
about 31 feet downstream from the upper end of the anchor. This 
part of the anchor contains a 3- by 7-foot passageway with a bulkhead 
door at the upstream end. Adjacent to either end of the passageway 
a flat V -shaped opening is provided between the top of the anchor 
and the tunnel roof. The anchor is heavily reinforced at the upstream 
end and throughout the top of the plug. 

The contact surface between the anchor and the original tunnel 
lining, or the rock, was thoroughly grouted as described in the report 
on Diversion, Outlet, and Spillway Structures, published· as bulletin 
3 of part IV, Design and Construction. After the concrete work had 
been completed, the contact surfaces between the pipes and the 
concrete were grouted by means of three holes, one at the invert and 
one on each side near the horizontal axis of the pipe, drilled through 
the pipe at intervals of about 10 feet. After the completion of grout
ing operations, the holes in the pipe shell were sealed as heretofore 
explained. 

Anchors 6 of the upper penstock and outlet units are formed by the 
concrete backfill emt.~dding the outlet manifold and the six 8.5-foot 
outlet pipes leading to tlw canyon-wall outlet works. After the pipe 
had been placed and epted, and the concrete backfill completed, 
the contact surfaces between the rock and the backfill, and between 
the pipe and the backfill, were grouted by means of holes drilled 
through the pipe shell and the concrete backfill. Three holes, one on 
the vertical center line of the pipe and one at an angle of 45° on each 
side, were drilled in the uppermost quadrant of the pipe, at intervals 
of about 20 feet. Additional holes, each with a vent hole, were 
drilled and grouted at all points of unusual overbreak. The holes in 
the pipe shell were sealed by plugs screwed into place and peened, 
after grouting was completed. 

97. Intermediate Anchors.-In addition to the terminal anchors 
described in the preceding section, three intermediate anchors, 
anchors 4, 5, and 7, are located in each of the lower header tunnels; 
two intermediate anchors, anchors 4 and 5, are located in each of the 
upper header tunnels; and one anchor, anchor 2, is located near the 
upper end of each penstock tunnel, see figures 65 and 66. 

Anchors 2, one near the upper end of each penstock, completely fill 
the tunnels around the penstocks, except for a 2.5- by 7-foot passage
way at one side, a 6-inch drain at the tunnel invert, and a 6-inch air 
vent at the tunnel roof, see figure 69. The anchors are 10 feet 5 
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inches long and are reinforced radially, circumferentially, and longi
tudinally, principally with .%-inch round rods. They were designed 
to hold the pipe securely in place against the longitudinal force 
necessary to prestress the penstocks. .Niovements of the pipe within 
the anchor are prevented by four stiffener rings, the outer two being 
welded to fillet inserts incorporated into the pipe shell, and the two 
intermediate rings being welded to the pipe shell. 

LOWER PENSTOCK TUNNEL 
SECTIONAL PLAN· ANCHOR NO.2 

SECTION A -A 

FIGURE 69.-DESIGN OF ANCHORS 2. 
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Anchors 4 are located in the lower and upper header tunnels, ncar the 
upper end of the upstream penstock. Except in the upper Arizona 
unit, the anchors are attached to the 30-foot headers immediately 
upstream from the first penstock. In the upper Arizona unit, the 
anchor was placed just downstream from the first penstock, in order 
more nearly to equalize the distance between the anchors on either 
side. In the upper tunnels, which are 37 feet in diameter, anchors 4, 
as shmvn in figure 70, completely fill the space around the pipe, except 
for the necessary openings, including a 3- by 7 -foot pfl,gsageway at 
each side, an air vent at the top, and two 24-inch drains at the invert 
of the tunnel. The anchors are 5 feet long, parallel to the horizontal 
center line of the pipe. 

In the lower tunnels, anchors 4 are of the same design as anchors 7 
of the lower Arizona tunnel, described later. Each anchor is 9 feet 
long and has a depth of approximately 7 feet over the top of the pipe, 
on the vertical center line of the tunnel. The upper surface of the 
anchor is sloped upward at an angle of about 30° on each side of the 
horizontal center line, leaving a flat V -shaped opening between the 
top of the anchor and the roof of the tunnel. 

Anchors 4 of the upper and lower header tunnels are heavily rein
forced at the ends, both radially and circumferentially, and reinforced 
longitudinally and transversely at the top surface. In addition, the 
anchors of the lower tunnels are provided with transverse horizontal 
beam reinforcement immediately over the top of the pipe. Longi
tudinal movement of the pipe within the anchors is prevented by two 
stiffener rings, so spaced that they are incorporated in the anchor, 
forming its outer edges. After the concrete had set, all anchors were 

. thoroughly grouted by means of a grouting system such as that shown 
in figure 70. The grouting system was practically identical for all 
anchors in both the upper and lower tunnels. 

Anchors 4 in both upper and lower tunnels, as well as anchor 7 in 
the lower Arizona tunnel, were designed merely as lateral braces for 
the pipe, the 5-foot and 9-foot lengths for the upper and lower tunnds, 
respectively, being incapable of resisting any considerable longitudinal 
forces. 

Anchors 5, shown in figures 71 and 72, encase the 30- to 25-foot 
reducers in both the lower and upper tunnels. The anchors of the 
lower headers are identical in design. Each is approximately 14 
feet long, parallel to the horizontal center line of the pipe, and is 
heavily reinforced. Two intermediate stiffener rings were welded to 
each reducer to increase the stability of the pipe and to provide a 
satisfactory bond between the pipe and the concrete. These anchors, 
like anchors 4 of the lower headers, were not extended to the tunnel 
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roof. However, for better control of ventilation the flat V-shaped 
opening between the top of the anchor and the tunnel roof is closed 
with an 8-inch hollow-tile wall, with a 48-inch circular air passage at 
the top. For the same reason, the passageways through the sides 
of the anchor are provided with doors. 
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Anchor 5 of the upper Arizona unit is of the same length as anchors 5 
of the lower units. It entirely fills the tunnel around the 30- to 25-foot 
reducer which it encases, except for the 3- by 7 -foot passagmvay, an air 
vent at the top, and two 24-inch. drains at the tunnel invert. 
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FIGURE 72.-DESIGN OF ANCHORS 5 OF LOWER UNITS. 

In the upper Nevada header tunnel, anchor 5 is extended downstream 
to include the curve in the 25-foot outlet header. As shown in figure 
71, this anchor is approximately 74 feet long. In cross section, it is 
similar in design to anchor 5 of the upper Arizona unit. 

Anchors 5, except in the upper Nevada unit, were not designed to 
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resist the total unbalanced prestressing force from each side separately. 
They were required to resist only the difl'erenee bet\veen the forces from 
the two sides, since, in accordance with the plans on which the design 
was based, the pipes on the two sides were prestressed simultaneously. 

Anchors 7, see figure 73, are approximately half way between the 
30- to 25-foot reducers and anchors 6 of the lower header tunnels. 
Anchors 7 a.re similar in cross section to anchors 4 and 5 of the lower 
tunnels. In the lower Arizona header tunnel, anchor 7 is 9 feet long 
and of the same design as anchor 4 of the lower tunnels. In the 
lower K evada tunnel, anchor 7 extends downstream to include the 
curve near the reducer and is approximately 28 feet long. 

98. Supplemental Anchors.-After the completion of the penstock 
and outlet system, including the anchors described in the preceding 
sections, supplemental anchors were installed at intervals along the 
pipe lines, in order to provide additional security against possible 
movements during earthquake vibrations. Supplemental anchors 
installed along the 30- and 25-foot headers in the lower units, where 
the tunnels are 50 feet in diameter, were constructed of reinforced 
concrete. Those installed along the headers in the upper units, where 
the tunnels are 37 feet in diameter, and along all 13-foot penstocks, 
were constructed of steel. 

In the lower units, two supplemental anchors, equally spaced 
between anchors 3 and 4, were built around the 30-foot header pipes; 
four supplemental anchors were built around the 25-foot header in the 
lower Nevada unit; and two supplemental anchors were built around 
the 25-foot header in the lower Arizona unit, upstream from the bend. 
Figure 7 4 shows the design of the supplemental anchors installed 
along the headers of the lower units. 

Eaeh reinforced-concrete anchor is 16 inches thick, and is built 
around a stiffener ring. The concrete is heavily reinforced, both cir
cumferentially and radially, as shown in the figure. Openings for 
walkways are provided at the sides, and openings for ventilation at 
the top. The tunnel lining was chipped out, as necessary, to secure 
a satisfactory bond; and the completed anchors were grouted along 
areas of contact with the original lining. 

The steel anchors installed along the headers in the upper units, 
and along the 13-foot penstocks, consist of screw jacks, placed radially 
around the pipes at the stiffener rings, so as to form struts between the 
pipes and the tunnel walls. The base of each jack is welded to the 
flange of the stiffener ring; and the upper or rising plate, bearing 
against the tunnel wall, is adjustable by means of the ball-and-socket 
bearing between the spherical head of the jack screw and the spherical 
socket in the bottom of the plate. Each anchor for the 30- and 25-foot 
headers consists of eight jacks, and each penstock anchor consists of 
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four jacks. Jack screws for the 30-, 25-, and 13-foot pipe anchors are 
5, 4, and 2 inches in diameter, respectively. Steel anchors were 
installed at the stiffener ring of each second section of pipe, between 
the original anchors and thrust blocks, along the headers of the upper 



GROUT OUTLET ASSEMBLY SCAlE OF FEET 
[:_[VATIONS 

SECTION E-E 

: ~ , ~J 
SCALE Of FEET-

SECTIONS 

FIGURE 74.-SUPPLEMENTAL ANCHORS INSTALLED ALONG HEADERS IN LOWER UNITS. 



TUNNELS, ANCHORS, AND SUPPORTS 163 

units; and at the stiffener ring of each section of pipe, along the pen
stocks of both the upper and lower units. 

The supplemental anchors were designed to carry earthquake loads 
from the pipes through the stiffener rings to the tunnel walls. As 
originally constructed, the different elements of the penstock and 
outlet units were capable of carrying statically applied transverse 
loads of from 0.12 g to 0.29 g, in which g designates the force of gravity. 
The installation of the supplemental anchors increased the permissible 
statically applied transverse loads to values of from 0.40 g to 0.50 g. 

SUPPORTS 

99. Piers.-The reinforced-concrete piers for the penstock and out
let headers were built in accordance with the details shown in figure 
75. The load, consisting of the weight of the pipe and water, is trans
mitted to the piers by supporting brackets attached to the stiffener 
rings. The horizontal spacing of the piers is therefore fixed by the 
spacing of the stiffener rings, which arc located at the centers of the 
fabricated pipe sections. The transverse spacing of the piers is fixed 
by the diameter of the pipe, a supporting bracket being welded to each 
side of the stiffener ring at its horizontal diameter. 

The piers were designed to support the weight of the pipe and watrr 
with a compressive stress of 800 pounds per square inch. They have 
a batter of one to six in both directions, and a base area and vertical 
reinforcement proportioned to withstand all overturning moments to 
which they may be subjected, including those due to temperature 
changes in the pipe during construction. 

As indicated in figure 7 5, the concrete for the piers was first poured 
to within 5 inches of the top elevation, where tapped steel sockets 
for the adjustment and anchor bolts were set. The bolt sockets were 
made of 6-inch lengths of 3-inch double, extra strong, steel pip<', 
tapped for 2Yz-inch bolts, to which bottom plates 6 inches square were 
welded. In erecting the pipe, 15-inch bolts were fitted into the sockets. 
The bolts, with nuts engaging the pier cap plate on which the sup
porting bracket rested, were used in adjusting the pipe sections to thP 
proper grade and alinement by raising or lowering the pier cap plate. 
The pipe sections were temporarily supported by the bolts and pier 
cap plates during erection and until after the pipe was prestressed. 

Two layers of %2-inch graphited asbestos packing were used between 
the base of the pipe supporting brackets and the pier cap plates, to 
facilitate horizontal movement and thus reduce the stresses in the 
stiffener ring and the bracket due to longitudinal forces, and likewise 
to reduce the corresponding overturning moment on the concrete piers 
until prestressing was completed. After the pipe was prestressed as 
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described in chapter IX, the piers were built up to their final elevation, 
so that the pier plates transmitted the loaq directly from the support
ing brackets to the piers. The base plates of the brackets were then 
welded to the pier cap plates. 

Pockets or recesses were left in the concrete lining of the upper 
tunnels, for securely bonding all piers, anchors, and thrust blocks to 
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the tunnel lining or the surrounding rock. In the lower tunnels, 
which \Vere first used for river diversion, the recesses necessary for 
providing the desired anchorage were chipped in the tunnel lining 
and underlying rock. 

The penstocks, which are 13 feet in diameter and are installed in 
18-foot circular tunnels, are supported on concrete ~helves placed 
integrally with the tunnel lining, as shown in figure 62. The shelves, 
except for 4-foot recesses at the field girth joints, to afford clearance 
for pinning and calking the joints, are continuous and form walkways 
to facilitate inspection and maintenance of the penstocks. 

100. Thrust Blocks.-To resist unbalanced forces at the penstock 
connections 'and thus maintain the alinement of t.he aO-foot penstock 
headers, thrust blocks are located on each side of each 30- by 13-foot 
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branch connection. The thrust blocks are of reinforced-concrete con
struction, similar to the anchors, except that they are designed to 
withstand lateral forces in the pipe rather than longitudinal forces. 
Figures 76 and 77 show the more important details of the design. 

The thrust blocks for the upper units are 3 feet thick and of the 
solid-ring type. Those for the lower units a.re 4 feet thick and of the 
arch or saddle type, having an arch 4 feet thick over the upper part 
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of the pipe shell. The distance between the blocks of each pair is 
approximately 40.5 feet. Each block is located so that its center em
beds a stiffener ring by which the pipe is held firmly in place. The 
thrust blocks were built after the pipe had been prestressed. In 
order to equalize secondary stresses in the pipe, a X-inch cork lining 
was placed between the fillet insert and the concrete. 

101. Cradles.-The cradles which support the 25-foot outlet header 
on the curve in the lower Nevada tunnel have a function similar to 
that of the thrust blocks, described in the preceding section. In ad
dition to the weight of the pipe and stresses due to hydrostatic pres
sure and temperature variations, the cradles are subjected to outward 
thrust due to the reaction of the deflected water column. The devel
opment of satisfactory supports to resist the resultants of the com
bined forces involved extensive studies, including analytical investi
gations. 

The support as finally designed is shown in figure 78. It consists 
of a heavily reinforced concrete arch or saddle, 4 feet 8 inches wide 
and 5 feet 10 inches thick, around the upper part of the pipe shell. 
The saddle was constructed integrally with the cradle or lower part 
of the support which is built around the lower part of the pipe and 
anchored to the tunnel walls. Like the anchors and thrust blocks, 
the cradles are located at the stiffener rings and are built to include 
them. Their spacing is therefore the same as that of the stiffener 
rings, which is 23.30 feet at the location of the curve. 

In constructing the cradles, the fabricated pipe sections were tem
porarily held in place by steel struts, and a sheet-steel recess liner 
was placed around the pipe, enclosing the stiffener ring. The bottom 
or center plate of the recess liner, consisting of a steel bearing plate 
three-fourths of an inch thick and 8 inches wide, was centered on the 
flange of the stiffener ring, so as to provide for longitudinal movement 
of the pipe within the recess until after the pipe was prestressed. To 
facilitate movement, two sheets of Ys2-inch graphited packing were 
placed between the stiffener-ring flange and the bearing or thrust
plate ring. Before installing the recess liner, the part of the pipe 
shell included in the recess, excluding the stiffener ring, was covered 
with a %-inch layer of cork. After the concrete had set, and after 
the pipe had been prestressed, the space between the recess liner and 
the pipe shell was ~lied with grout by means of grout pipes con
necting with the liner and embedded in the concrete. The purpose 
of the cork lining between the pipe and the cradle is to modify or 
cushion the lateral restraint imposed by the cradle when the pipe 
is under pressure. 
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CHAPTER VI-DEVELOPMENT, INSPECTION, 
AND TE~TING OF STEEL PLATE 

DEVELOPMENT OF STEEL PLATE 

102. Requirements of Specifications.-The specifications required 
that all steel plate used in the penstock and outlet system should be 
made by the open-hearth process; should contain not more than 0.035 
percent of phosphorus and 0.04 percent of sulfur; and that an analysis 
of each melt should be made by the contractor from a test ingot taken 
during the pouring of the melt. 

The minimum allowable thickness of steel plate, as shown on the 
specification drawings, was based on a working stress of 19,000 pounds· 
per square inch, a yield strength of 38,000 pounds per square inch, and 
the maximum working head on the pipes, including water-hammer 
under the most severe operating conditions, with not less than one
sixteenth inch added for corrosion. It was specified that steel plates 
having a yield strength of less than 38,000 pounds per square inch 
might be used, providing the thicknesses were sufficiently increased 
above the minimum thiclmess shown on the drawings to insure a 
working stress of not more than one-half the yield strength and an 
additional thickness of one-sixteenth inch added for corrosion. 

The specjfications further stipulated that the working stress in the 
steel plates should in no case exceed 19,000 pounds per square inch; 
that the minimum allo\Yable elongation in 8 inches should be 12 per
cent, sufficient to insure proper ductility of the metal with no tendency 
to permit excessive deformation or cracking under welding operations; 
that one tension specimen should be taken longitudinally .from a top 
corner of each plate as rolled; and that one bend-test specimen should 
be taken transversely from the middle of the top of each plate as 
rolled. The contractor was required to make all necessary tests after 
machining and stress relieving the specimens. The specifications 
provided that bend-test specimens from plates 1 inch or less in thick
ness should be bent cold through 180°, around a pin having a diameter 
equal to the thickness of the specimen, without cracking; and that 
specimens from plates mor~ than 1 inch thick should be similarly 
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tested by being bent around a pin having a diameter E-qual to twice 
the thickness of the specimens. 

The specifications required that the thickness of each plate should 
be not more than 0.01 inch less than the required thickness; that the 
finished material should be free from injurious defects and should have 
a workmanlike finish; and that, with the approval of the contracting 
officer, surface imperfections might be removed by chipping to sound 
metal and repaired by welding, providing -the total area chipped should 
not exceed 100 square inches in any one plate and that the depth 
should not exceed 2 percent of the gage thickness of the plate. 

103. High-Strength Steel Adopted.-As previously stated, the speci
fications permitted the contractor to use steel plate having a minimum 
yield strength of 38,000 pounds per square inch; or plate with a lower 
yield strength, provided the plate thickness was increased to insure a 
working strength of not to exceed one-half the yield strength and a 
one-sixteenth inch thickness added for corrosion. A design stress of 
18,000 pounds per square inch was finally adopted. This resulted in 
plate thicknesses of 11 x6 to 2% inches for the 30-foot pipe; 1% to 2~{6 
inches for the 25-foot pipe; 1 ~6 to Of6 inches for the 13-foot pipe; and 
%and %inches for the 9-foot and the 8.5-foot pipe, respectively. It is 
interesting to note that flange and firebox quality steel plate thereto
fore widely used for pipes under similar service has a yield strength of 
from 24,000 to 27,000 pounds per square inch. 

The contractor elected to usc high-strength steel, and awarded a 
contract for rolling the steel plates to the Illinois Steel Co. 

104. Experimental Investigations.-The specifications permitted the 
use of alloy steels, the only limitations with respect to chemical analysis 
being a maxirnum phosphorus content of 0.035 percent and a sulfur 
content of 0.04 percent. The ultimate tensile strength was not speci-. 
fied. A minimum yield strength of 38,000 pounds per square inch 
was not directly specified, a steel plate of lower yield strength being 
permitted, as mentioned above. 

In order to determine the most satisfactory chemical composition 
for the steel, full-size plates were rolled from several experimental 
heats made at the mills. Analyses of the experimental heats showed 
the followip.g carbon, manganese, and silicon contents in percent: 

Plate A B c D E F 
-----J--- --------------

Carbon ________________ ---------- 0. 30 

~~~~~~~1_e_s~~~===================== : ~6 
0. 23 

. 48 
0. 24 
1. 00 
. 02 

0. 36 0. 26 0. 27 
1. 22 1. 10 1. 34 
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For purposes of comparison, chemical compositions of flange and 
firebox steel for stationary service, as specified in the 1932 Boiler 
Construction Code of the American Society of 11echanieal Engineers) 
which is similar to speeifieations A70-33 of the Ameriean Soeiety for 
Testing 1\!Iaterials, are tabulated below. Although no carbon content 
is given in the specification for flange plate, the earbon content in 
plates to be fusion-welded is automatically restricted to a maximum 
of 0.35 percent by the rules for welding, as given in paragraph U-71. 

Flange steel 
Carbon _________________________________________ 0. 35 max . 
.Manganese_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0. 30 to 0. 60 
Phosphorus (acid)_______________________________ 0. 05 max. 
Phosphorus (basic)______________________________ 0. 04 max. 
Sulfur __________________________________________ 0. 05 max. 

Firebox steel 

Carbon, plate thickness% inch or less ______________ 0. 25 ma.x. 
Carbon, plate thickness over% inch _______________ 0. 30 max. 
Manganese, plate thickness % inch or less___________ 0. 30 to 0. 50 
Manganese, plate thickness over % inch____________ 0. 30 to 0. 60 
Phosphorus (acid) ____________ -___________________ 0. 04 max. 
Phosphorus (basic) ______________________________ 0. 035 max. 
Sulfur __________________________________________ 0. 04 max . .. 

For further eomparison, the following tabulation gives chemieal 
compositions of steels which are standard materials for the construc
tion of pressure vessels using: (1) high-tensile-plate as covered by 
A. S. 'f. M. specifieations A 149-~131' and A 150-331', and A. S. ~1. E . 

• speeifieations S-26 and S-27; and (2) seamless steel drum forgings as 
covered by A. S. M. E. specifications S-4. 

High-tensile 
plate 

Seamless steel drum forgings 

Class 1 Class 2 

Carbon ___________ 0.35 max_ ________ 0.35 max _________ 0.50 max. 
Manganese ________ 0.50 to 0.90 _______ 0.40 to 0.70 _______ 0.40 to 0.70. 
Silicon____________ 0.25 max_ _________________________________________ _ 

----------------------------------------------~------------

The foregoing tabulations show that experimental heats A and B 
were similar in carbon and manganese contents to the firebox plate 
specified in the Boiler Construction Code of the American Society of 
Mechanical Engineers. Experimental heats C, D, E, and F were 
considerably higher in manganese than the high-tensile plate shown 
in the last tabulation above. These heats were prepared in order to 
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test a generally accepted theory that a high n1anganese content is 
necessary to obtain steel ':vith a yield point as high as 38,000 pounds 
per square inch. Ho,vever, tests made on the high-manganese plates 
showed that the steel was nonuniform and coarse-grained and that 
its physical properties varied erratically. 

Further investigations indicated that carbon and manganese con
tents slightly greater than those normally used in fiange and firebox 
steel would produce, in most instances, plates having the required 
physical characteristics in the as-rolled condition and that, in prac
tically all other instances, the yield strength requirement of 38,000 
pounds per square inch could be met by giving the plates a normalizing 
treatment. Experimental pla.tes, 1%, 2}~, and 2% inches thick, were 
therefore ordered of the following composition: 

Carbon ________________________________________ 0. 25 to 0. 35 
Manganese_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ 0. 50 to 0. 80 
Silicon_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0. 10 

The experimental plates, which were rolled with low finishing tem
peratures in order to control grain siz;e, were made from two heats of 
the following compositions: 

Carbon _________________________________________ 0. 25 to 0. 29 
Manganese_____________________________________ 0. 68 to 0. 78 
Silicon________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0. 10 to 0. 13 

Extensive tests on the experimental plates indicated that: (1) the 
yield strength requirement of 38,000 pounds per square inch would 
probably be met by the 1 %-inch plates, but not by the thicker plates, 
from steel having a carbon content of approximately 0.25; and (2) 
the yield strength requirements \vould probably be met by plates of all • 
the various thicknesses required if made of steel having a carbon con
tent of 0.35, providing the plates were rolled with low finishing tem
peratures in order to control the grain size. 

Further tests and an exhaustive review of all data pertaining to 
the investigation led to the conclusion that, with but comparatively 
few exceptions, pl:-1tes of the follmving chemical composition would 
meet the yield strength requirements of the specifications in the as
rolled and stress-relieved condition: 

Carbon______ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0. 28 to 0. 38 
Manganese _____________________________________ 0. 50 to 0. 80 
Silicon_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0. 10 to 0. 20 
Phosphorus_____________________________________ 0. 035 max. 
Sulfur __________________________________________ 0. 04 max. 

It was realized, as shown by the tests, that some plates would fail 
to meet the requirements in the as-rolled condition; but it was con
cluded that a normalizing treatment prior to stress relieving would 
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sufficiently refine the grain structure of the plate to produce the re
quired yield strength. Plates of tlH~ various required thicknesses 
were rolled from steels representative of t.he above range in compo
sition, and tests of the plates verified the accuracy of the foregoing 
conclusion. 

Accordingly, the first order for steel plates for the penstock and 
outlet system called for steel of the composition given in the preceding 
paragraph. However, as the result of further intensive investigations, 
the order 'vas soon changed, requiring plates of the following slightly 
different composition: · 

Carbon _____________________ 0.28 to 0.38 (desired 0.33 to 0.36) 
:Manganese _________________ 0 .. 55 to 0.85 
Silicon ______________________ 0.10 to 0.20 (desired 0.15) 

As explained in section 115, the first 30,000 tons of plate rolled 
for the project included only 64 plates which foiled to fulfill the yield 
strength h~quiremcnt and had to be normalized in order to produce the 
required strength. 

YIELD STRENGTH AND TOUGHNESS 

105. Effects of Heat Treatment.-Th<~ strength and toughness of 
steel, as of all other metals, obviously depends not only on the chemi
cal composition, bnt also on the shape and size of the crystals which 
make up the metal. The effects of t.h<~ various kinds of heat tn•at
ment on the cryst.u.lline structure of steel, and the relation of the 
crystalline structure to strength and toughness, are questions of vit.al 
importance in the manufacture of steel for any of the various purposes 
for which it is used. It is possible, by means of proper heat treat
ment, to greatly increase the strength and toughness of steel, thus 
permitting, in many instances, the use of a heat-treated inexpensive 
grade of steel instead of an expensive grade. 

Careful tests were made to dett>rmine the impaet resistance of 
steel plate as aiTecLed by va.riations in grain size produced by various 
forms of heat treatment. Test speeimens were taken from plates 
2 1X6 inches thick, rolled frmn two heats having the following chemical 
analyses: 

First Second 

Carbon _______________________________________________ _ 0.36 0. 35 
Manganese _________________________ -- --- ___ - __________ _ . 73 . 68 
Silicon ________________________________________________ . . 18 . 18 
Phosphorus ___________________________________________ _ . 018 . 016 Sulfur ________________________________________________ _ . 024 . 025 
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By means of specimens representative of plates rolled from the first 
of the above heats, five different conditions of heat treatment were 
investigated as fol~ows: 

1. As rolled. 
2. Normalized in the shop at a temperature of 1,625 to 1,675° F., main-

tained 1 hour per inch of thickness. 
3. Normalized in the laboratory at a temperature of 1,700°. 
4. Normalized in the laboratory at a temperature of 1,800°. 
5. Normalized in the laboratory at a temperature of 1,900°. 

In the last three cases the temperature was maintained for 40 
minutes per inch of plate thickness. 

Following heat treatment, all samples were stress-relieved by hold
ing at 1,150° F. for 1 hour per inch of thickness, followed by furnace 
cooling. Charpy impact specimens and tension specimens were then 
machined from plates midway between the surface and the center. 
Microscopic examinations of. the grain structure were made near the 
surface of the plate, midway between the surface and center, and at 
the center. 

106. Results of Tests.-Charpy impact tests on specimens from 
plates of the first heat yielded the results summarized in table 9. It 
will be observed that samples normalized at the lowest temperature, 
1,625° to 1,675° F., gave the highest values; and that samples treated 
at the highest temperature, 1,900°, gave the lowest values. 

Grain structures of the steel plate samples are shown by the photo
micrographs in figures 79 and 80. Specimens other than that shown 
in figure 79-A, which shows the macrostructure of a representative 
plate section, were etched in 4-percent nital and photographed with 
a magnification of 100 diameters. The relatively large grain size 
resulting from normalizing at 1,800° was not accompanied by an 
extremely low impact value, an average value of 21 foot-pounds being 
obtained for this condition. 

TABLE 9.-RESULTS OF CHARPY IMPACT TESTS (FOOT-POUNDS) 

Treatment Maximum Minimum Average 

As rolled ________________________________ 23. 5 21. 5 22. 5 
Normalized 1,625-1,675° F ________________ 27. 0 27. 0 27. 0 
Normalized 1, 700° ________________________ 23. 0 22.0 22. 5 
Normalized 1,800° ________________________ 22.0 20. 0 21. 0 
Normalized 1,900° ________________________ 12.0 8.0 10. 0 

Values. of yield strength, ultimate strength, elongation, and reduc
tion of area, as determined by tensile tests for the plates of the first 
heat, are summarized in table 10. 

Using specimens representative of plates rolled from the second 
heat, eight different conditions of heat treatment were investigated. 
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The various treatments, together with results of impact tests, arc sum
marized in table 11. Tensile properties, as affected by the various 
forms of heat treatment, are summarized in table 12. 

TABLE 10.-RESULTS OF TE~SILE TESTS SHOWING EFFECTS OF 
NORMALIZING 

Yield Ultimate 

strength, tensile Elonga- Reduction strength, tion, per-Treatment pounds per pounds per cent in 2 of area, 
square square inches percent 

inch inch 

As rolled ______________________ 35,600 77,250 31. 5 50. 6 
Normalized 1,625-1,675° F ______ 36, 150 76, 500 33. 0 56. 0 
Normalized 1, 700° _____________ 38,000 79,250 32.0 52. 5 
Normalized 1,800° _____________ 38,000 81, 500 30.0 51. 4 
Normalized 1, 900° _____________ 36, 750 82, 500 31. 0 51. 9 

TABLE 11.-COMPARATIVE IMPACT VALUES, ANNEALED AND 
NORMALIZED SPECIMENS 

I Impact values, 
I foot-pounds· 

No. Treatment 

Maximum Minimum 

1 Annealed at 1,600° F ________________________ 19.0 18.0 
2 Normalized at 1,600° F ______________________ 26.0 24. 0 
3 Annealed at 1,700° F ________________________ 18. 0 14. 0 
4 Normalized at 1, 700° F ______________________ 29. 0 21. 0 
5 Annealed at 1,800° F ________________________ 21. 0 19. 0 
6 Normalized at 1,800° F ______________________ 24. 0 18.0 
7 Annealed at 1,900° F __ ---------------------- 20. 0 19. 0 
8 Normalized at 1,900° F ______________________ 21. 0 20. 0 

TABLE 12.-TENSILE VALUES AS AFFECTED BY ANNEALING AND 
NORMALIZING 

Yield 
strength, 

No. Treatment pounds 
per square 

inch 

--
1 Annealed at 1,600° F _________ 37, 500 
2 Normalized at 1,600° F ------- 43, 500 
3 Annealed at 1,700° F _________ 34, 200 
4 Normalized at 1,700° F ------- 37, 500 
5 Annealed at 1,800° F --------- 32,500 
6 Normalized at 1,800° F ------- 37, 000 
7 Annealed at 1, 900° F _________ 32, 600 
8 Normalized at 1,900° F _______ 35,000 

Ultimate 
tensile 

strength, 
pounds 

per square 
inch 

77, 300 
80, 800 
75, 800 
84, 300 
78,000 
82, 500 
78, 500 
78, 500 

Elonga-
tion, 

percent 
in 2 

inches 

33. 0 
32. 5 
29.0 
30. 0 
31. 0 
30.0 
30. 5 
30. 0 

Reduc-
tion of 
area, 

percent 

47. 
54. 
41. 
51. 
46. 
53. 
45. 
50. 

8 
7 
0 
9 
3 
3 
5 
6 
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A. Macrosrrucm re of Represcnmri,·e Plare ecrion 
B. Microstructure of Plate as Roll ed 

C. Microstrucrure of Plate Normali zed ar 1,625° ro 1,650° F. 

FIC:L' HE 79.- GHAIK TR GC1TH.ES OF 'TEEL PLATE SAMPLES. 
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A. PI ares ormalized ar 1, 700° F. 
B. Pl ares Norma lized ar 1,800° F. 
C. Plares Normali zed ar 1,900° F . 

FIGURE 80.- GRAIN STRGCTCRI~S AS AFFECTED 13Y HEAT 
TREATMl~NT. 
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107. Summary and Conclusions.-Tnvestigations of the effects of 
grain size on the impact resistance and tensile properties of steel plate, 
as modified by heat treatment at different temperatures, led to the 
following conclusions: 

1. Normalizing at a temperature of 1,800° F. produces only a 
slight drop in impact values. 

2. N orma.lizing at a temperature of 1,900° produces erra.tic 
results, some impact values being only about 40 percent as high 
as· those secured at lower temperatures and some being just as 
high. 

3. In general, the higher the normalizing temperature up to 
1,800°, the higher are the values obtained for both yield and 
tensile strengths. 

4. Elongations and area reductions ·are practically unaffected 
by heat treatments. 

5. Normalizing at any given temperature results in higher 
impact resistance than that imparted to the annealed specimens. 

6. Any grain size not larger than that shown in photomicro
graph B, figure 80, gives satisfactory impact and tensile properties. 
This is equivalent to a grain-size rating of between 6 and 7 on 
the B. and W. grain-size seale. 

1·1 ieroscopical examinations showed that the gra.in size in the plate, 
as rolled, gradually increases as the center of the plate is approached. 
The grain structure of the plate at one-half the distance from the 
surface to the center is shown by figure 79-B. Korma.lizing causes a 
reversal of the grain-size conditions, with the coarsest grains at the 
surface and the finest at the center of the plate: Figure 79-C is a 
photomicrograph of the grain structure at one-half the distance from 
the surface to the center of the plate, normalized in the shop at 
approximately 1,650° F. 

The structure at one-fourth the thickness of the plate, norma.lized 
in the laboratory at 1,700°, is shown by the photomicrograph in 
figure 80-A. Although the grain size is considerably larger, the same 
trend in variation' from surface to center occurs as in the plate nor
malized in the shop. The grain structures of the plates at one
fourth their thickness, normalized at 1,800° and 1,900°, are shown by 
photomicrographs in figures 80-B and 80-C. Here, again, the 
coarsest grain structure is ncar the surface of the plate, although the 
variation is not so great as for the samples normalized at lower 
temperatures. In other words, the grain-size structures are extremely 
coarse and fairly uniform as to size from surface to center. 

The grain size of the as-rolled plate is smaller at the surface than 
in the center, because the mcta.l is cooling while being worked. After 
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working is completed, the outside of the plate is at a considerably 
lower temperature. As grain size is determined by the temperatures 
from which undisturbed cooling occurs, all other factors being the 
same, the outside surface would be expected to be finer grained. With 
the normalized samples, a different situation obtains. The outside 
reaches the maximum temperature first and therefore is held a longer 
time at such a temperature. As heat must permeate to the center 
by conduction from the surface, the outside of the plate is always 
somewhat hotter, resulting in a coarser grain structure. 

The effect of grain size on steel of the chemical composition used 
for the penstock plate is manifested largely by changes in values 
obtained for yield strength and impact. A small grain size tends to 
increase the yield strength and impact resistance, and a large grain 
size has the opposite effect. Since the penstock plate is of a border
line chemical composition, dictated by the yi~ld strength requirement 
of 38,000 pounds per square inch, it should be expected that a large 
grain structure would be accompanied by low yield strength. The 
grain size, as an aiel to reaching the required yield strength, was con
trolled by employing low finishing temperatures during the rolling 
of the plate. The presence of silicon in the penstock plate also acts 
as a grain refining agency as compared with plate ·of negligible silicon 
content. As a result of the low rolling temperatures used, it was 
found unnecessary in most cases to resort to a normalizing treatment 
as a grain refining medium to meet the minimum yield strength. 

IMP ACT VALUES 

108. lntroduction.-Although there was every assurance that plate 
of the chemical composition adopted for use in the penstock and out
let pipes would not show an abnormal impact-temperature relation
ship, or be subject to temper brittleness on slow cooling from high 
temperatures, an investigation was made to determine its behavior 
with reference to these phenomena. 

Preparatory to tests involved in investigating the impact-tempera
ture relationship, tests were made to determine the tensile properties 
of the plate and the variation of im-pact values in longitudinal and 
transverse directions. All tests were made on specimens from plate 
2% inches thick, both as rolled and normalized at 1,625 to 1,675° 
F. The chemical composition of the minor ingredients was carbon 
0.33, manganese 0.71, and silicon 0.19, which was practically the 
average composition adopted for the penstock steel. Tensile proper
tics in the direction of rolling, as determined by the tests, are sum
marized in table 13. 
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TABLE 13.-TENSILE PROPERTIES OF STEEL PLATE USED IN 
IMPACT TESTS 

Yield Tensile Elonga-
strength, strength, tion, per-
pounds pounds cent in 8 

per square per square inches 
inch inch 

As rolled (first series) _____________________ 35, 700 69, 600 29. 3 
As rolled (second series) ___________________ 35, 900 69, 900 28. 5 
Normalized, 1,625-1,675° F _______________ 41,600 78,400 25.5 

109. Impact Tests.-Tests to determine comparative impact values 
in the direction of rolling and at right angles thereto were made for 
the plate as rolled, and after normalizing. All specimens were taken 
from a zone midway between the surface and the center of the plate. 
The specimens for these tests were not stress-relieved. The results 
are summarized in table 14. 

As would be expected, impact values taken in the longitudinal 
direction were greater than those taken transversely. The results 
in table 14 show that values obtained for normalized specimens were 
slightly higher than those obtained for the plate as rolled, the differ
ence being approximately that 'vhich might be expected from the 
microstructural differences of the steel in the two conditions. 

TABLE 14.-IMPACT VALUES IN LONGITUDINAL AND TRANSVERSE 
DIRECTIONS 

. 
Longitudinal Transverse 

Specimen Foot- Specimen Foot-
pounds pounds 

As rolled ______________________ AL-l 27.0 AT-1 25. 0 
AL-2 29.0 AT-2 21. 5 
AL-3 20.0 ---------- ----------Average ________________ ---------- 25. 3 ---------- 23. 2 

Normalized ________ . ___________ NL-1 31. 0 NT-1 24.0 
NL-2 31. 5 NT-2 24. 0 
NL-3 27.0 ---------- ----------Average ________________ ·---------- 30.0 ---------- 24.0 

Specimens for impact-temperature tests and temper-brittleness tests 
were taken in the longitudinal direction, from plate 2% inches thick, 
and tested both as rolled and after normalizing. The specimens, like 
others for Charpy impact tests, were taken from a zone midway 
between the surface and the center of the plate. Those for high-
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temperature tests were buried in celite insulating material in the heat
ing furnace; and, after soaking for the required period at the proper 
temperature, were placed in insulating material to prevent loss of heat 
while being taken to the impact machine. Such specimens were 
tested within a few seconds after removal from insulation. Values 
of the impact-temperature relationship for temperatures ranging from 
-50° to +1,300° F., as ascertained by the tests, are shown in table 15. 
The results are plotted in figure 81. 

TABLE 15.-IMPACT-TEMPERATURE RELATIONSHIP DETERMINED 
BY TESTS 

As rolled and stress- Normalized and stress-
relieved relieved 

Tempera-
ture, ° F. 

Specimen Foot- Specimen Foot-
pounds pounds 

-50 AL--12 3 Nl.-12 3 
0 AL-14 6 NL--14 26 

A~3 20 NL--3 27 
32 A~5 36 NL--5 39 

AL--6 30 N~6 29 
70 AL--8 31 Nl.--7 35 

150 AL--9 28 NL--9 30 
AL--10 29 NL-10 31 

250 AL-11 29 NL--11 35 
400 A~13 33 NL-13 33 
500 AL--15 35 NL-1.5 38 
700 AL-17 2.5 NL-17 31 
900 AL-19 19 NL-19 24 

1, 100 AL-21 22 :NL-21 23 
1, :::oo AL-23 55 NL-23 60 

Examination of the data recorded in table 15 indicates that: (1) The 
impact value remains practically constant throughout the temperature 
range of 32° to 500° F. Above 500°, the impact value decreases to 
a minimum of approximately 20 foot-pounds between 900° and 1,100°. 
For higher temperatures, the extreme plastic range is entered, 'vith 
a sharp increase in the impact value between 1,100° and 1,300°. 
(2) On the low-temperature side_, a slight increase in impact values 
occurs for temperatures from 70° to 32°. Between 32° and zero, a 
moderate drop occurs in impact values for the normalized plate, and 
a much greater decrease occurs in values for the plate as rolled. This 
is indicative of the beneficial effect of the finer grain size, secured by 
normalizing, on the impact resistance of the steel at near zero temper
atures. At -50°, the impact resistance of the plate, both as rolled 
and as normalized, is negligible. 
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FIG'CRE 81.-IMPACT-TEMPERATURE RELATIOXS AS 
DETERMINED BY TESTS. 

110. Temper Brittleness.-Some medium-carbon steels are subject 
to exeessive brittleness, or temper brittleness us it is usually termed, 
as the result of slow cooling from high temperatures. To determine 
the quality of the plate with reference to this tendency, impact tests 
were made 'on specimens from representative plate. Specimens were 
first heated to various temperatures ranging from 500° to 1,300° F., 
then furnace-cooled to 70°. Tests were made on specimens repre
senting the plate as rolled and stress-relieved and as normalized and 
stress-relieved. The results of the tests are given in table 16. 

The results in table 16 show that no decrease in impact valueoccurs 
as the result of slow cooling frorri any of the temperatures within the 
range tested. Aeeordingly, the steel pla.te may be ·considered as being 
free from any tendency toward temper embrittlement. 

The large increase in impact values of specimens representing the 
normalized and stress-relieved condition after slow furnace cooling 
from 100° to 1,300° F. is of interest. This increase was probably 
the result of considerable spheroidization of the pearlite, although 
strangely enough the specimens representing the as-rolled and stress
relieved condition did not show this increase after being subjected to 
the thermal cycle. , 



DEVELOPMENT, INSPECTION, AND TESTING OF STEEL PLATE 183 · 

TABLE 16.-RESULTS OF TESTS FOR TEMPER BRITTLENESS 

[Impact values at 70°, after furnace cooling] 

! Heating tern
! perature, °F. 

1, 300 
1, 100 

900 
700 
500 

1, 300 
1, 100 

900 
700 
500 

I 
S . i Impact 
1 peCimb en I value foot-
num er po~nds 

Specimens from plate 
as rolled and stress
relieved 

·-·---·-

AL-24 34 
AL-22 35 
AL-20 39 
AL-18 36 
AL-16 33 

Specimens from plate 
normalized and stress
relieved 

NL-24 60 
NL-22 48 
XL-20 34 
NL-18 39 
NL-16 35 

Ill. Summary.-The foregoing study indicates that plate of the 
chemical composition used for the penstoeks shows a normal relation
ship between impact energy and temperature such as is found in other 
plain carbon steels. If anything, the impact values throughout a 
range of from 32° to 500° F. are more constant than for similar im
pact values on other types of boiler plate. The drop in impact value 
resulting from low temperatures occurs at a slightly lower tempera
ture than for other types of carbon-steel plate. . 

It was concluded that the bl~e-heat phenomenon in the penstock 
plate is less intense than for the usual types of carbon-steel plate. 
Assuming that the usual relationship exists between the blue-heat 
phenomenon and strain-aging effect, the penstock plate should also 
be less susceptible to strain aging than the usual type of steel plate. 
Both phenomena may possibly be explained by the better deoxidation 
practice and the residual silicon content prevalent in the steel plate 
developed for the penstock and outlet pipes. As shown in table 14, 
the difference in impact values obtained in the longitudinal and 
transverse directions is relatively small. 

112. Residual Stresses in Steel Plates.-The magnitude of residual · 
stresses in steel plates as received from the rolling mill was determined 
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by trepanning 2}6-inch rosettes from the plates to be tested, measuring 
deformations with a strain gage, and computing stresses from observed 
deformations. The plate to be tested was placed on three cross sup
ports, so located that each \vould carry one-third of the load. Ro
settes were cut from the plate \vit~ a special trepanning cutter, taking 
such precautions as necessary to prevent residual stresses with
in the rosettes from being affected by heat or machining. A 2-inch 
strain gage with a dial reading to 0.0002 inch over a 2-inch length was 
·used in the tests. 

Strain values were determined by average differences between 
readings taken before and after trepanning operations. Average 
gage values were multiplied by a gage correction constant and them 
converted into stresses in accordance with Poisson's ratio and Hooke's 
law. The results of the tests led to the following conclusions: 

1. The plates as received from the rolling mill contained 
residual stresses. 

2. The magnitude and direction of the residual stresses varied 
in adjacent plate areas. 

3. The maximum average residual tensional stress found in 
making the tests on 2%-inch plate was approximately 3,000 
pounds per square inch in the direction of rolling, and approxi
mately 7,000 pounds per square inch in the transverse direction. 

4. At an angle of 45° to the right of the direction of rolling, the 
residual stresses varied from a tensional value of 1,400 pounds 
per square inch to a compressional value of 1,500 pounds per 
square inch. 

5. At an angle of 45° to the left of the direction of rolling, the 
residual stresses were compressional and varied from 300 to 
2, 700 pounds per square inch. 

INSPECTION AND TESTING 

113. Chemical Composition of Plate.-The first order for steel plates 
for the penstock and outlet system called for steel of the chemical 
composition given in section 104. On April 1, 1933, before any 
plates had been received at the dam, the order was changed slightly, 
calling for plates of the following carbon, manganese, and silicon 
contents, in percent: 

Carbon ______________________________ 0.28 to 0.38 (desired 0.33 to 0.36). 
Manganese __________________________ 0.55 to 0.85. 
Silicon ______________________________ 0.10 to 0.20 (desired 0.15). 

The slight changes from the original specifications represented by 
the above analysis were made in order to permit a greater margin of 
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safety in meeting the minimum yield strength requirements in the 
as-rolled and stress-relieved conditions. 

As summarized from reports on chemical analyses·of specimens, the 
maximum, minimum, and average content of carbon, manganese, and 
silicon, in percent, for 244 plates shipped and tested during the latter 
part of 1933, were as follows: 

Maximum I Minimum Average 

0.38 ,1------0-.3-0-l------0.-3-5 

. 85 . 55 . 70 

. 22 I . 1o . 11 

Carbon ____________________________ _ 
.Manp;anese _________________________ _ 
Silicon _____________________________ _ 

Comparative data for 232 plates shipped and tested during the first 
8 months of 1934 were: 

Maximum Minimum Average 

Carbon ____________________________ _ 
l\Ianganese _________________________ _ 
Silicon ____________ _: ________________ _ 

c-0. 38 
. 85 
. 22 

0. 31 
. 55 
. 15 

0. 34 
. 73 
. 19 

Based on the foregoing summaries for two periods of shipment, a 
typical analysis of the steel plate showed the following contents in 
percent: 

Carbon ________________________________________________ 0. 34 
~anganese ____________________________________________ . 71 
Silicon _______________________ --_- __________ ~__________ • 18 

114. Physical Properties.-As required by the specifications, two 
test specimens were taken from each plate as completed at the rolling 
mill; namely, a tension test specimen in the direction of rolling and a 
bend test specimen at right angles to the direction of rolling. All such 
specimens were stress-relieved by heating slowly to a temperature 
between 1,100° and 1,200° F., soaking 1 hour per inch of thickness, and 
then slowly cooling in the furnace to 500°. 

A typical stress-strain diagram is shown in figure 82. The maximum, 
minimum, and average values of yield strength, ultimate tensile 
strength, and elongation, as summarized from results of tests made at 
the rolling mill, are shown in table 17. All plates failing to comply 
with the yield strength requirement of 38,000 pounds per square inch 
were brought up to the required strength by heat treatment, as 
explained in section 115. 
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FIGURE 82.-TYPTCAL STRESS-STRAIN DIAGRAM FOR STEEL 
.,PLATES. 

TABLE 17.-PHYSICAL PROPERTIES OF STEEL PLATES 

I 
Yield Ultimate ten- Elonga-

Thickness, inches strength, sile strength, tion, per-
pouncts per pounds per cent in 
square inch square inch 8 inches 

%to 1: 
Maximum _______________________ 51, 300 85, 100 29. 
Minim urn _______________________ 35, 900 74, 100 21. 
Average _________________________ 40, 400 79, 600 24. 

17]:o to 1%: 
Maximum _______________________ 50, 900 88, 600 29. 
Minim urn _______________________ 34, 800 69, 500 20. 
Average _________________________ 41, 000 78, 800 25. 

1%o to 2: 
Maximum _______________________ 46, 600 72, 400 32. 
~linim urn _______________________ 38, 000 69, 000 20. 
Average _________________________ 41, 000 79, 400 26. 

2?-io to 2~: 
Maximum _______________________ 43, 600 86, 400 31. 
Minim urn _______________________ 33, 000 71,000 23. 
Average _________________________ 38, 700 78, 300 27. 

2%o to 3: 
Maximum _______________________ 42, 600 82, 400 30. 
Minim urn _______________________ 33, 400 69, 700 24. 
Average _________________________ 38, 200 77, 400 27. 

0 
3 
8 

5 
5 
::> -
-::> 
0 
8 

3 
8 
4 

0 
3 
0 
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115. Increasing Yield Strength by Normalizing.-Of the first 30,000 
tons of plate rolled for the project, 64 plates, approximately 1,250 tons, 
failed to meet the yield strength requirement of :38,000 pounds per 
square inch and ha.d to be normalized to bring them up to the specified 
strength. The results of the first normalizing treatment arc summa
rized in table 18. The average effect of the first treatment was to 
increase the tensile strength by a.pproximately 2,000 pounds per 
square inch and the yield strength by approximately 3, 700 pounds per 
square inch. Of the 64 plates normalized, 54 required only one treat
ment to increase the yield strength of 38,000 pounds per square inch. 
The other 10 required t\vo or more treatments each, one requiring 
four treatments to secure the desired results. 

TABLE 18.-R.ESULTS OF XORMALIZING TO INCREASE YIELD 
STR.E~GTH 

[Maximum. minimum, and average results of first treatment] 

Physical property 

Tensile strength: 
Maxim urn ________________________________ _ 
Minim urn_______ _ _ _ _________________________ ·- · 
Average __________________________________ _ 

Yield strength: 
:\I ax i mum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ 
:Nl in i mum __________________________________ _ 
Average __________________________________ _ 

Elongation in 8 inchc;;: 
Maximum ____ .. __ 
Minimum_ 
A veragc __ .. __ - _ - _ 

Carbon and mangane~c content. of plates normalized: 
Carbon: 

Maximum 0.37. 
Minimum 0.30. 

Manganese: 
l'v!aximum 0.75. 
Minimum 0.55. 

As rolled 

79, 800 
66, 200 
74, 000 

37, .500 
32, 200 
36,000 

33. 8 
23. 0 
28. 4 

---,-~-1\-~-o-n_n_a_li_ze-,~ 

83, 800 
67, 100 
76, 200 

45, 000 
33,000 
39, 800 

31. 5 
23. 5 
26. 4 

No material change in ductility resulted from the normalizing treat
ment. The average result was a decrease of 2 percent in elongation. 
The plates which required normali;~.;ing had an average carbon content 
of 0.~33 percent and an average manganese content of 0.67 percent. 
This indicates that the failure of the plates to meet the yield strength 
requirement in the as-rolled condition was not due to a low carbon
manganese content, since the average. of all Hoover Dam plate was 
0.34 percent carbon and 0.71 percent manganese. 

The effect of normalizing is shown by the photomicrographs in 
figure 83, taken with a magnification of 100 diameters after etching 
with 4-percent nital. Photomicrographs 764-2 and 764-5 are for 
specimens of 2%-inch plate: first, as rolled and stress-relieved; and 
second, as normalized at 1,650° F. and stress-relieved. Photomicro-

8191350-49--14 
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764 2. As Ro lled and .<; tress-Rel ieved 764 5. As Norm:tl ized and Stress- Relieved 
765- l. As R o iled and Stress-Rel ieved 765- 6. As Nor ma lized and Stress-Re lieved 

I•' J G DU<: 83.--Pl-JOTOMTCHOGHAPHS OF . 'TEEL PLATJ•:H. 

graphs 765- 1 and 765- 6 a rc for specimens of 2%-inch pln te afLe r th l' 
same tr ea tmen t . The physital properties in each en c arc shown in 
table 19. The plates had a carbon conten t of 0.25 percent and a 
ma.ngane e content of 0.68 percent. 

T ABLE 19.- PH ~·.· r eAL PROPEHTIEf-i OF PLATE' ILL- TRATED 
I K FJ C L"H I ~ 3 

Phy ·ical p r oper L.v 

Phot omic rograph numbe r_ __ -- - -- - --------
Yie ld s t re ng th, p o u nds per . qua re in ch _________ _ 
T ens ile F< l re ngth , poun ds per squar e inch __________ _ 
E longa tion in 8 in ches, perce n t._ ______ _ 
Brinell ha rdness _ ___ ____ ___________________ ___ _ 

Phot o n 1ic rograph num ber_ ______________ __ ___ _ 
Y ie ld s t re ng th , p o unds per : quare inc h ____ _____ _ 
Tcn: ile i< (rpng th , pound:< per sq ua rr inc h __________ _ 
E lo ngatio n in 8 in c hes, percen t ______ ------------
B r inc II h a rc! n es" __________________________ __ - _ - _ 

As rolled 
a nd s tre><,;

rc lie vccl 

X o rma l izecl 
a nd s t re:<s

rc lie ved 

2~:\-i nch plate 

76-t- 2 
31, 000 
61, 300 

29. 4 
126 

2}f!-inch 7Jlale 

765- 1 
29, 600 
60, 800 

27. 9 
118 

764- .') 
38, 150 
63, 700 

30. 2 
131 

765- 6 
41, 200 
63, 300 

28. (i 
126 



CHAPTER VII-FABRICATION OF PORTABLE 
PIPE SECTIONS 

INTRODUCTION 

116. Summary.-Steel plates and structural shapes, as received 
from the rolling mills by rail, were fabricated in a shop erected near 
the dam site into sections of pipe of the maximum length that could 
be conveniently transported to and installed in the tunnels as inte
gral parts of the penstock and outlet system. A typical portable 
section of the 30-foot pipe designed for usc in open tunnels where the 
pipe is supported on piers, see figure 41, consists of two primary lengths 
of pipe, or pipe courses, each usually about 10 to 11 feet long, con
nected by welding to the fillet insert of the stiffener-ring assembly 
shown in section A-A, the fillet insert thus forming the middle part 
of the portable pipe section. Such a section of pipe, including the 
protruding butt strap welded around one end of the section for con
necting it to the adjacent section, is usually about 21 to 24 feet long, 
and, with the maximum shell thickness, weighs about 150 tons. These 
portable erection sections were connected in the tunnels by means of 
bell-and-spigot joints formed by cold-driven pins through the plates 
and butt straps, as shown in figure 41. 

The general lay-outs of each of the four units of the penstock and 
outlet system are shown in figures 8 to 11, inclusive. Information 
shown on the lay-outs includes the number or designation of each 
portable section of pipe, and the diameter, length, and shell thickness 
for most sections. It will be observed that the portable sections 
within each penstock and outlet header are designated consecutively 
by number, beginning at the upstream end with sections of the penstock 
and outlet header, followed by the sections of the penstocks in their 
order downstream, and ending with the sections of the outlet pipes. 
Each section of the penstock and outlet system is thus designated by 
the letters indicating the unit, followed by the number of the section, 
as UA-48, which is the fourth 30- by 13-foot branch connection of the 
upper Arizona unit, see figure 8. 

The aggregate length of the pipe included in the penstock and out-
189 



TABLE 20.-CLASSIFICATION AND LENGTH OF PIPE 

[Lengths in feet] 

Item 

Pipe 
size, di
ameter, 

feet 

1_--- - - - - - - - - - - - - - - - - - - - - - - 30. 0 
2--- - - - - - - - - - - - - - - - - - - - - - - - 25. 0 
3- - - - - - - - - - - - - - - - - - - - - - - - - - 20. 0 
4---- - - - - - - - - - - - - -- -- - ---- - 14. 0 
5- - - - - - - - - - - - - - - - - - - - - - - - - - 13. 0 
6__________________________ 9. 0 
7__________________________ & 5 

Strai---gh_t_s_e_c_ti-on_s __ l, Bend sectio_:_ ___ Fittings 

I 

I Number 

155 
61 

212 
2 

55 

Length 

3,375. 83 
1, 366. 21 

4, 613. 77 
57. 96 

Number Length Number ! Length 

47 
17 

52 
4 
2 

867. 43 
379. 90 

885. 67 
50. 48 
73. 92 

20 466. 67 
10 157. 54 
4 71. 19 
2 30. 49 
7 125. 17 

-------- ----------

I 
1 Total 
1 sections 

222 
88 

4 
2 

271 
6 

8__________________________ 7. 21 

Total _______________ -I- ______ _ 
1, 722. 50 

-------- ------------ 12 238. 21 

485 11, 136. 27 I 134 2, 495. 61 
-----~~- i- --~~; -~~-I 

57 
12 

662 

Total 
length 

----

4, 709. 93 
1, 903. 65 

71. 19 
30. 45 

5, 624. 60 
108. 45 

1, 796. 41 
238. 21 

14, 482. 89 
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let system is 14,482.89 feet, classified as shown in table 20. In pre
paring this tabulation, such fittings as reducers and wyes have been 
classified on the basis of the major inside diameter of each. In wyes 
having branches of different lengths, the average length has been used. 
The lengths of all sections, including fittings and bend sections, are 
the center..:lin·e lengths as taken from the detail designs. Item 3 of the 
tabulation consists of the 20- by 8.5-foot branch connection and the 
20- by 14-foot reducing bend of each of the upper units: namely, 
sections UA-65, UA-66, UN-73, and UX-74. Item 4 consists of 
the 14- by 8.5-foot wyes of the upper units, sections UA-67 and UN-75. 

As shown in table 20, and in figures 8 to 11, inclusive, the penstock 
and outlet system consists of 662 sections of pipe. Of these, 134 
are bend sections having an aggregate length of 2,495.0( feet; and 
43 are fittings having an aggregate length of 851.02 feet, including 
the sixteen 30- by 13-foot branch connections or laterals connecting 
the penstocks to the headers, the 25- by 13-foot three-way junctions 
of the lower units, and various other branch connections and wyes, 
such as those used in the outlet manifolds. The shell thickness 
of the 30-foot pipe is from PX6 to 2% inches; of the 25-foot pipe 
from 1% to 2~{6 inches; and of the 13-foot pipe, 1 ~{6 to ni6 inches. 
For pipe having a diameter of 9 feet or less, the shell thickness is 
from % to H~ inches. 

The total weight of steel plates and other materials supplied by 
the contractor and used in the manufacture of the pipe, which was 
shipped to the fabricating plant on Government bills of lading, was 
86,618,285 pounds, or approximately 43,309 tons. Of this, 80,486,850 
pounds were shipped from South Chicago, Ill., and Gary, Ind.; and 
6,131,435 pounds wereshippedfrom the contractor's plant at Barberton, 
Ohio. The estimated weight of the pipe in place, as computed from 
mill scale weights by the Bureau of Reclamation, is 81,934,337 pounds, 
or approximately 40,967 tons. Fabrication of the pipe required 
approximately 436,000 linear feet, or about 82.5 miles, of fusion 
welding, in which 999.8 tons of welding dectrocles were used. Radio
graphic examination of wd<ls required approximately 270,000 feet, 
or about 51 miles, of X-ray film. 

FABRICATING PLANT 

117. General Description.-Since most of the fabricated pipe was 
of such size that transportation by railroad or highway from existing 
factories was clearly impossible, it was necessary for the contractor, 
as required by the specifications, to build and equip a fabricating 
plant as near the dam site as pra.cticable. The steel plate as received 
from the rolling mills could then be made into sections of the completed 
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pipe at this plant. The site selected was the nearest location available 
on the Government construction railroad from the Nevada wall of 
the canyon, where the topography was such as to provide, with a 
minimum of leveling, the space required for the building and the 
adjacent necessary storage yards. The plant building is a mile and 
a half from the dam site, where the highway and railroad parallel each 
other, as shmvn in figuru 84. The building is 75 feet from the Govern
ment-owned construction railroad extending from Boulder City 
to the dam site. A spur track is parallel to and 15 _feet from the 
shop, and another spur extends into the building for a distance of 
40 feet at the westerly end. 

The shop building~ which was later acquired by the Government 
and is no\v used for storage purposes, is shown in figures 85 to 89, 
inclusive. It is 520 feet long, has an over-all width of 93 feet, and 
is 55 feet high from the floor to the bottom of the roof trusses. It is 
a steel frame structure covered with cort'ugated, galvanized steel 
sheeting and glazed stt>el sash. The weight of the building, including 
the weight of the crane runway and three 75-ton overhead electric 
traveling cranes, is supported by fabricated steel columns spaced 
at 25-foot intervals along the sides of the structure. The westerly 
end of the building is closed, except for a door where the spur track 
enters the plant. 

From the easterly end of the building, 'vhich is open, the crane 
runway as first constructed by the contractor extended into the 
storage yard for a distance of 150 feet. The span of the crane runway 
is 85 feet, the top of the rails is 45 feet above the floor level, and the 
maximum lift of the cranes is 46 feet 3 inches. About midway on the 
side of the building opposite the spur track is an extension 150 feet 
long, 20 feet wide, and 12 feet high, in which was housed a well
equipped laboratory for making chemical analyses of steel and testing 
its physical properties, and a room for developing and filing X-ray 
films. The plant was equipped with a stress-relieving furnace which 
on the inside was 41 feet long, 36 feet wide, and ;~o feet high. At the 
westerly end of the main building was an extension in which the 
pin-grinding shop was housed. 

Construction of the shop building involved the excavation of 30,000 
cubic yards of earth and rock, and the placing of 7 50 tons of structural 
steel, 67,500 square feet of galvanized steel sheeting, and 23,000 square 
feet of glazed steel sash. An office building was constructed near the 
westerly end of the fabricating shop. For housing employees in key 
positions, the contractor built 14 houses of 4 to 6 rooms each, seven 
4-unit apartment houses, and a 100-room dormitory, all at Boulder 
City. All of these dwellings and the fabricating shop were constructed 
and equipped during the period from November 1932 to April 1933. 
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FIGURE 84.-MAP SHO,VJKG LOCATIO~ OF PIPE FABRICATION 
PLANT AND OTHER FACILITIES WITH HELATION TO DAI\'I. 

In compliance with an order for changes dated October 16, 1933, 
the contractor, for the lump sum of $81,880 paid him by the Govern
ment, extended the crane runway from the easterly end of the building 
for a distance of 450 feet; construeted a building 150 feet in length, 
substantially similar in design to the fabricating shop, enclosing the 
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FJCa-nE , .'J.- FABRICA1T\G PLA{\T lrTTH 13.5-FOOT PI-:Xi-iTOl'K 
PIPE IX STOH .\ CH:. 

F ICa-RE SG.- P TPE SECTIOXS TX ,'TOHAG J·; YAlUJ AT FAB IUCATT:\G 
PLA I -T. 

last 150 fc•pt of Lhe naneway PXt(' lls ion ; and equipped the t'Xl<'ns ioll 
with one 7 5-ton electrically op<'ral C'd oYcrh cad tra \·eli.ng crane. TlH' 
westerly end of this building is open and the oppo it e end closed, \\'ith 
a doorway for the pa sage of trains on a pur track "-bich enters the 
building at the eas terly end. Thi oxLC'n ion was practically com
ple-ted by December 31 , 1933, and, as provided in the order wa 
thereafter ust•( t by th e con lmctor, p rincipally for the storage and 
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ha11clling of pipe sect ions until needed by tl1e CoHrJllllL' Ill in eon
nec tion \\·ith the installation of hydroelectric cquipmenL. 

Follo\\·ing completion of the penstock antl outlet system, tb e 
contractor removed all of the heavier equipment from the fabricating 
plant . The shop building, " ·ith all trackage facilities, lighting 
sy tern, air pipe line , 2,:WO-vol t po"·cr line from the outhern Sierras 
Po,,·or Co.'s uLsta tion , \\·atcr pipe lines, e'n'r ystem, crane runway, 
and one 75-ton traveling crane, was transferred to tho Govemmont 
ownership, as provided in an exLra work order, for the lump sum of 
$25,000. It has since been in use as a s torage and repair shop in 
connection 'Yith the installation of hydroelectric machinery in the 
po'n~rbouso, and the operation and maintenance of tho project. 

118. General Plan and Layout of Shop.- The general plan, eleYa
tions and section of the fabricating plant including the fabricating 
shop, crane rumvay, and Government \\·arehou e, are shown in figures 

8 and 89. Figure 89 al o sho\\·s the fabricating shop lay-out, includ
ing the location of the principal items of equipment, as " ·ell a the' 
arrangement oJ the various fa lJricating laliOilS, all idcntifie< l l>y 
number. 
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FABRICATING SHOP EQUIPMENT 
' . 

119. General Description.-Becausc of the unprecedented size of 
much of the pipe included in the penstock and outlet system and the 
unusual thickness of the steel plate of which the pipe was made, it 
necessarily followed that much of the fabricating shop equipment, 
and most of the equipment used in transportation and erection of the 
pipe, be of extraordinary size and capacity, and be specially designed 
and constructed. Among the more important items of shop equip
ment, some of which are described further in the chapter, were the 
following, named in general order of their use in fabricating the pipe 
seetions: 

1 7 5-ton steam track crane. 
3 75-ton overhead electric traveling cranes. 
1 50-foot planer. 
1 3,000-ton t'\'\,in hydraulic press. 
1 12%-foot vertical bending roll. 
4. welding machines for longitudinal seams. 
4 welding machines for girth seams. 
1 welding machine for fillet inserts. 
3 welding machines for butt straps. 
1 welding machine for miscellaneous use. 

(All welding machines were of the tandem, automatic-arc type.) 
3 300,000-volt X-ray units. 
1 300,000-pound testing machine. 
1 stress-relieving furnace. 
1 30-foot boring mill. 
I 30-foot drilling machine. 
1 13-foot boring mill. 
1 13-foot drilling machine. 
1 centerless grinder. 
1 water-purifying system. 
I 2-stage air compressor. 

In addition to the above-mentioned items, the shop equipment 
included a large assortment of n1iscellaneous machines and tools, 
such as heavy-duty lathes, milling and grinding machines, drill 
presses, and assen1bly and welding jigs. 

120. Cranes.-The 75-ton steam track crane was used chiefly in the 
materials storage yard for unloading and stacking steel plates and 
other structural shapes as they were received from the rolling mill, 
and moving material into the shop or to the overhead cranes as 
needed. The shop wa.s provided with three eleetrically operated 
overhead traveling cranes, each with a capacity of 75 tons, and each 
having an auxiliary hoist of 25 tons capacity. These cranes, working 
singly or t'vo together as required, were used to raise and transport 
completed sections of pipe, some of which weighed approximately 
190 tons each. 
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121. Planer.-The steel plates and other structural hape , a tlwy 
were required for fabrication, ,,·ore moved from lhe torage yard to 
Lhe lay-out floor in the hop. !Jere each piece wa checked as to 
dimension ; marked for id('lllificalion, including the number of the 
section wherein it was to be usecl nncl its particuln,r location therein; 
and marked lo indicate the required shop work, including such opera
Lions a grooving and bending. The plates were then moved to the 
planer, illustrated il1 figure 90, \\·ith which the edges were planed to 
form the required "·elding grooves. The planer, having a plate
length capaciLy of 50 feet, was equipped with hydraulically opera( eel 
plunger to hold the plates securely in place, and was driven by a 
40-horsepower electric motor. It was provided with a double set 
of cutters on the carriage for planing in both directions without lost 
motion on the return. The planer hcacl " ·as actuated by means of 

FIFTY-FOOT PLAXEH. FOH, PLAXIKG EDGES OF 
PLATE~) . 

the usual full-lencrlh , rapid-lead, po"·er-clriven screw. The operating 
platform was mounted on the traveling planer head so that the op
erator, carried back and forth w-ith the cutting tool, could readj}y 
check and control the performance of the planer and tho conLom of 
the welding groove beil1g formed. 

122. Twin Hydraulic Press.- For forming the special conical sec
tions required for various pn,rLs of tl1e penstock and outlet system, 
includiug wye. alld braneh eonneclions, nnd for giv ing slecl plates 
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the ncct's ary iDilinl bt'ncl to start them through the bending rolls, a 
twin hydraulic pre of 3,000 tons capacity was provided. This 
machine illustra Led by figure 91, " ·as so made that t\\·o uch presses 
could be operated ingly or a a unit, as required by the particular 
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work to he done. The prc•sses, when operating a a uniL, \YCl'e con
nected by t\\'O cast-steel gi rd ers weighing about 55 Lons each. The 
total weight of one twin hydraulic press \\·as about 300 tons. It was 
provided witb a rotary pre sure pump clrinn by a ::W-horsepo'n'r 
motor , \Yhich deY eloped an oil pre ure of 2,000 pounds per quare 
inch. 

123. Vertical Bending Roli.- Thi machine, used Jor bt'tH.ling the• 
lecl plates as \\·ell as other structural shapes to the r c•qu ircd curva

ture, is illustrated by fl gures 92 and 9:3. Figure 92 shows a plate 
32 feet long by 9}~ feeL wide and 21}{6 inche. thick being bent to a 
15-foot radius . The bending roll was one of the most po\\·erful ma
chine oJ the kind theretofo re constructed, cleYcloping a total pre ure 
of 1,750 ton in givi11g the de ired curYalure to plates for the various 
pipe ections. 

TEEL PLATE FOR 30-FOOT PIPE 1::\ VERTf
AL BJ-:XDT.\'"G ROLL. 

In the design of this machine, the rc•q uirements for the 30-foot, 
diameter pensLock headers made of 2%-inch steel plate were th' con
trolling factor. Since the maximum ,,·iclth of plate thaL ordinarily 
can be manufactured and transported is about 12 feet , this dimen
s ion fixed the length of the bending rolls ; and thr p res m e ncce ary 
to bend lccl of the maximum \Yiclth and thicknc to be used d Lcr-
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li 10 L~RE 93.- BE:\DI:\G F ILLET T:\SEHT I:\ \"BRTICAL 
BEXDJ::\G HOLL. 

mined the requirements as to the strength nnd stability of the machine. 
f::;ince many of the plates weighed as much as 25 tons each , a Vt'rticnl 
type machine, in which the \Yeight of the plates is upporled by the 
foundation rather than by the Toils, as in a horizontal type machine, 
wa found to be Lhe most economical to build and the mo t practical 
to operate. The rolls required a 100-hor epowcr motor lo roll Lhc 
heavy stock supplied. 

As sho\\·n in Lhc illustrations, the \\·orking members of the machine 
consisted of three rolls . The inner roll " ·as operated solely by t It(' 
friction of the pla.tc in passing through the machine, and the L\\co 
outer roll were drinn by a 150-hor epo\\·er motor. The inner roll 
was 40 inche in diameter and 12 }~ feet long, exclusive of the journal 
at either end, which were each 24 inch e. long and 22 inches in diam
eter. The bearing were of pecial bronze and were pre sure-lubri
cated. The inner roll, \\·ith it top bearing \Yeighed about 65,000 
pounds and " ·a upportcd by a roller thru t bearing. The peed of 
the inner roll \\·as about one re,·olution per minute. 

Each of the t\\·o outer rolls " ·as 32 inchc in diameter and 12 }~ ft'et 
long, exclusive of the journals at the ends, each of \\'hich was 24 inclws 
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long and 16 inches in diameter. The drive for these rolls gave a plate 
speed through the machine of about 10 feet per minute. The shop 
floor, throughout the space in which the plates were moved in rolling, 
was provided with a machined steel surface to facilitate both the 
bending and handling operations. 

The bending machine included a special mechanism, actuated by 
the 100-horsepower motor, for bending the plates initially before 
starting the rolling operation. vVith plates of the thickness required 
on this project it is impossible to secure a curve of constant radius 
near the ends of the plate by the normal rolling operation. A special 
crimping die, used in connection with the twin hydraulic press, was 
therefore provided to obtain a true arc at both ends of the plate. 
During the tests at the shop a load of 5. 7 million pounds was recorded 
for this operation. To make ii:, possible to remove complete circular 
shells from the machine, or to place them back in the machine for 
rerolling, the upper structure was hinged so that it could be turned 
upward and backward by means of a hydraulic cylinder operated by 
a motor-driven rotary pump. Provision was also made for the rolling 
of conical shells by adjusting the large inner roll out of parallel with 
the two outer rolls. The machine was provided with special ftUings 
for rolling sections of irregular shape. As shown in figure 93, it was 
equipped with an adapter roll which was used to bend the fillet insert, 
a special section forming a part of the stiffener-ring assembly. 

The bending roll, because of its unusual bulk, and its weight, which 
was about 250 tons, was shipped by water from the plant of the manu
facturer in Philadelphia, Pa., to San .Pedro, Calif., and thence by rail 
to the fabricating shop at the dam site. 

124. Assembly Jigs and Forms.-Bringing the various parts of a 
large structure into their exact relative positions and securely holding 
them during the welding operation is usually a difficult and time
consuming task. A large number of structural-steel frames in con-· 
siderable variety, one of which is shown in figure 94, were used to 
provide the falsework of forms whereon the curved steel plates form
ing the portable pipe sections were assembled and held rigidly in place 
during welding and machining operations. These jigs or forms, for 
the most part, consisted essentially of two or more spiders, usually 
with H-beams for the radial arms. The arms, usually 8 to 16 in 
number for the 25- and 30-foot diameter pipes, were adjustable in 
length and were equipped at their outer ends with clamps and with 
double-acting hydraulic or screw jacks. 

Complete circular forms were provided for asembling and tack weld
ing the plates of a primary length of pipe, and also for assembling two 
such primary lengths with a stiffener ring and support bracket assembly 
between them to form a portable section of pipe. These circular forms 

819135°--49----15 
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FIGURE 9-1.- AS 'E~IBLI:\G A:\ D WELDl:\G A PRUIARY LEKGTR 
OF 30-FOOT PIPE. 
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\H're placed on tbc inside under each circumft•reutial scam by using 
circular, lattice-bar, box girders, either alone or in connection with 
the spiders, as necessary . T he circuln r girders were built in segmcn ts, 
wi th expansion couplings between segments. By th e use of these 
expansion girders, th e adjoining plates of a circumferential or girth 
seam could be brough L into accumte nlincment at every point. 

T he various spiders r equired for the framework of any primary 
length or section of pipe were connected by longitudinal beams and 
by sway bracing when necessary . B ecause of the size and weight of 
the pipe, cross-tics consisting of r ods or ca bh•s with tmnbucklcs were 
requir ed at both ends to prevent distortion while handling, or when 
in storage if in other than a vertical position. 

125. Welding Machines.- Except for those parts of some of th e 
special fittings where machine welding \\~as impossible, all welding 
was done by automaLic arc-welding macl1ines of Llw tandem-arc typ(•s, 
using an automatic, metallic, shi dcl cd-arc process, "~itb alternating 
cmrent. These machines, in addition to proYiding the usual auto
matic control of the length of arc and tbc feeding of the electrode, 
also provided for au tomaLically moving tho welding h ead back and 
forth along the scam at the rate req uired to deposit a bead or layer 
of weld metal, this method being usNl for tbe longitudinal scams. 

In welding the girLh or circumferential srams, as shown in Iigme 
95, the welding hc•ad r emained staLionary, and th e pipe se<.:Lion, 

FIGURE 95.- AUTOMATIC vYELDING 1\IACHINE I X OPERATIOX ON 
GIRTH SEAl\I OF 30-FOOT PIPE . 



206 PE STOCKS A D OUTLET PIPES 

moullted on motor-clriYen J"Ollcrs, ,,·as automatically rotated at thP 
proper spN'CL Figun' 96 is a view of a section of 30-foot d iameter 
p ipe whereon lhe IHlding is nearing completion. On the inside, near 
llH' miclcllP of the st'clion, is the fillet insert, and around the pipe, at 
the ncar end of tlw p ipe sect ion, is the butt strap . Heavy £lux
coated clt'ctrodc's, usually in lt'nglh o£ 8 or 12 feet with threaded 
joints, wert' usC'd in tht' "·dcling machine in orclc'r Lo eliminate inter
ruptions for rod change's. 

FIGC"HE 96.- •. ECTI0:0;" OF 30-FOOT PIPE OX \YELDIXG FRA~I E 

SHO\\T:-\G FILLET IKSERT AND BUTT 'TRAP. 

126. X-ray Equipment.- Three porLablc X-ray units, one of which 
is sho\nl in figure 97, Wt'l'C providt·d for making radiographic inspt•c
tion oJ Lilt• welding. Tlwse unit s, ,,·bich wen' developed especially 
for this job, opc·ratNI al300,000 ,-olt s 1\-ith a cmrent of lOmilliamp<'re . 
Om' mtlchine \Yas moYed about the plant by hand, and the ot hers 
wen' mounted on self-propelled truck . In this manner the X-ray 
apparal u could be readily moYecl to the \\·ork, a matter of considcra ble 
importance ,,·ith \\-eldccl pieces of uch magnitude, IYhich ~>ould haYe 
bepn difficult lo plact' in a favorable position for photographing "ith 
s tationary X-ray apparatus. 

These X-ray units, representing an approximate value of $20,000 
each, had special fc'atures of design, including a stmcly and rigid 
mounting, and ample protetlivc shielding that pt•rmitted op('ra lion 
\\·ith sufety for long periods of time. The high-Yoltagc tube , 5 inl'hcs 
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in diamet er by 55 inches long, and cosli11g about ·i500 each, \H'l'C 

imnwrscd in oil and the oil tank sh C'alh <'cl \\'ith lend. Aftpr a yt•ar 
of operation, onC' of th e machinPs was using it s fourth tub(•, and the 
other t\\·o machines wPre u ing tlwu· second Luhcs. ThP aYerage time 
of exposmc for steel 2 inche thick " ·as about 8 minutes. For tC'cl 
p late exceeding 2 inches in thickn<• s, the Lime of exposure inc·rca. eel 
sharply. For plates 3~ indws thi (·k, a.n f'xpo. m·p of 20 to 30 minut c·s 
wa.s l'Nj lli reel. 

FTGl"H.E 97.- PORTAI3LE X-HAY MA 'JI IXE RADIOGRAPJ--TJXG 
LOXGIT UDIN AL \\' ELD. 

The laboratory ad joining the plant building, a.s shown in ftgure 89, 
included a dark room , completely equipped with nil tJw 1wcessary 
developing tanks, chC'm ical , and drying facilit ies r equired to Jenlop 
the X-ray films. All films wen' ardully examined [m dcLecLion of 
clcfecLive welding by insp (•ctors n•presenting th e contractor a nd by 
Bmt•au of R eclamation inspectors. Any defects indicated by the 
radiographs \\' ('1'<' immediately n'pairccl so n. to pa rigid in pcction. 

127. Stress-Relieving Furnace.- } or stre s relieving th e completed 
portable pipe sect ions after they had been a emblccl and ''elcled, an 
oil-fired furna ·e of the recu·culatory hot-a ir lype wa proYidccl. The 
furnace chamber was 41 feet long by 36 feet wide by 30 feet high , large 
enough to accommodate one 30-foot diameLcr pip sccLion 25 feet 
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long, or two 13-fooL diamrler sections :35 ft'el long. Tlw furnace was 
dt\ ig rwcl to bent a chargt' of 150 Lons o( sled pipt' Lo a l<'mperature 
of 1,200° F. in G hour. , and Lo maintain the dcsin'd lt'mprraLure in 
all parls of the fun1ac e chamber witb in close limi ts . The front wall, 
forming thr door of lh e furnace, was built integmlly with the charging 
Jloor, which was mounted on whN'ls and sLeclrails, so Lhat Lhe entire 
assrmbly could easily be clra\\-n from the fumace for loading or un
Joncling. Figu re> 9 shows a :30-f'oot diamrter· section of pipe on Lhe 
('hnrging floor ready to C' II L<'r th<' fuma('e. 

FlGl' HE 98.- A S ECTIOK OF 30-FOOT PIPE BEIN G PLACED IN 
t:i'l'H.J.:I-1. ' -H. I ~LIEVH\G F t; lL\ACE. 

128. Boring MilL- This machine, shown in figures 99 and 100, \ms 
spC'cially d e igned for machining or fa cing Lhe ends of the 25- and 30-
foot diameter pipe sections, so as to bring them into a plane pre i ely 
al righ t angles Lo lbe axi al or longitudinal center line of the section, 
and thus insure m etal- to-metal contact of adjoining section when 
fin ally erect ed in lh e lunnt'ls. The vertical, ro ta ry, cast- t ecl fa ce 
pln.tc , sec fi gmc 99, \nts 16 fee L in diamet er. Each of Lhe two radial 
arms ·arry ing Lhc working h eads had a maximum efl'ective leng th of 
lG fee t from the cen ter , pro,-iding a 32-foot diameter swing. The 
mill , including the \rorking h eads, wa motor-drinn through r edu cing 
gC'Ut", thu giYing a wide range in peed. 
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129. Drilling Machine.- This was a spcc inlly designed and con
structed macbinc for drill ing the holes for the pins of the en'dion 
girLh joints . These holes were ch·illcd undersize nncl thenreclril led Lo 
the required size when assemblying the pipe sections. The drilling 
machine was equipped with an indexing ring of Lhe same diameter as 
the pipe section to be drilled, with holes in the indexing ring spatl•d 
p recisely as the holes ·which were to be drilled in Lbe pipe secLion. An 
indexing mechanism ro tated the pipe section ancl automatically locked 
it into posit ion for each set of holes, thereby insuring exact spacing 
and dri ll ing of the holes. 

130. Portable Boring Miii.-For machining the ends of the 13- and 
8.5-foot cliameLer pipe sedions, to assure pcrfeeL alincment, a spN:ial 
boring mill was developed. The s tationary clement con istccl o [ a 
structmal-stecl sp ider wiLh six arms, <'ach hnYing a screw-jack nt tho 
outer end, by means of which the mnchine was centered in the pipe 
and held secmely in place . The rotating arm, aLtached to th e outer 
end of the central shaft, was driven by a moLor mounLed on t b.e 
framework of the spider . At each end of the roLating arm was a 
working head with the necessary tools. When the expanding jacks 
of the spider "~ere released, th e machine rested on the wheels ,,·b<'reon 
it was mounLed so that it could be moved about and in talled in the 
various pipe sections to be machined. 
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FJG Cl{E 100.- \\'0RKIK G HEAD OF BOH.IKG l\IILL. 

131. Cutting Machines.- AHhough the teel plates u. eel for the 
s traigh t pipe sect ion " ·ere s hipped to t hr fabricating s hop in U1e 
actual sizes r equin•d , a large nmount of cutting \\'a s inYoh' ecl in 
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FIGURE 101.-SKETCH OF MA CH IJ:\E FOR C UTTIXG STEEL PLATE, 
AXD YIACHIXE I.L\ l/ E. 
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fabricating the bends and otlwr special fittings, such a.s wyes, branch 
connections, and manifolds, and in making the web plates of the 
stiffener rings, as well as other miscellaneous shapes. 

Practically all cutting was done by portable cutting machines of the 
type commonly used for such work, 'vhereby the oxyacetylene torch 
or blowpipe is mechanically held in the required position as the 
machine is moved forward and guided, either manually or mechani
cally. In cutting on straight or slightly curved lines, the machines 
moved forward along tracks which were clamped to the plate so as to 
guide the torch along the previously marked line, as shown in figure 
101. The machines were equipped with radius rods for cutting cir
cular arcs and with tracing devices for cutting irregular shapes, and 
could be set up with two or more torches for cutting parallel lines. 
A machine with two torches, operated simultaneously, was used for 
cutting stiffener-ring webs, or for cutting long sections with parallel 
edges from steel plates. 

132. Centerless Grinder.-For grinding the pins used in connecting 
the field girth joints after they .had been made from rolled stock by 
ordinary lathe operations, a centerlcss grinder of conventional type, 
consisting essentially of two emery rolls, was used. In grinding the 
pins for any joint, the broaching pin which was used in completing the 
holes for that joint 'vas used as a gage, and the pins were made larger 
by an amount equal to 0.001 of an inch per inch nominal diameter of 
the broached hole. 

FABRICATING SHOP OPERATIONS 

133. Dimensions and Weight of Steel Plates.-Before shipment from 
the rolling mill, the steel plates were torch-cut to the required dimen
sions with an allowable toleranee of plus or minus one-sixteenth of an 
inch across the diagonals. All plates to be used in straight sections of 
pipe were shipped in such lengths that three plates placed longi
tudinally and butt-welded, after being rolled in the direction of their 
length to the proper curvature, formed a length of 30-foot pipe; two 
plates, similarly rolled, assembled, and welded, formed a length of 
25-foot pipe: and one plate formed a length of 13-foot or 8X-foot pipe. 
The length of each pipe section was equal to the width of the plate 
used. Hence the length of plates of maximum thickness for 30-foot 
pipe was 379 1 ~{6 inches; for 25-foot pipe, 4742%2 inches; and for 13-foot 
pipe, 494%2 inches. The maximum width of plates was approximately 
12 feet (140 inches), the limit of both railroad transportation and 
rolling mill facilities. The largest plates of maximum thickness 
weighed about 21 tons each, and two such plates made a railway 
carload. The plates were rolled in the mills of the Illinois Steel Co. at 
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Gary, Ind., about 2,000 miles from the dam site. The penstock and 
outlet system required about 43,300 tons of steel plates and special 
structural shapes, making more than a thousand carloads. 

134. Fabrication of Pipe Sections.-All steel plates, bars, and struc
tural shapes \Vere, in genera.l, shipped in the flat on standard flat cars. 
Upon arrival at the plant the material was unloaded, using the 75-ton 
steam track crane for the work, and stach:ed in the storage yard. 
As the steel was needed for the fabrication of pipe sections it was 
moved to the lay-out floor of the shop, where each piece was checked 
as to dimensions and identification mar:ks, and was also marked to 
indicate shop operations, ineluding the cutting of welding grooves 
and bending. The plates were then moved to the planer, item 2 of 
the shop lay-out as shown in figure 89, and the edges were machined 
as required to form the welding grooves. Bending the plates to the 
required curvature was the next operation. The necessary initial 
curvature for about 2 feet at the ends of the plates to adapt them to 
the bending roll was formed with the twin hydraulic press, item 6, 
after which the plates were passed through the bending rolls, item 7, 
of the plant lay-out, and thus brought to the proper radius, the correct 
curvature being determined by steel templates. 

In fabricating portable sections of 30-foot pipe, three steel plates 
of the dimensions required for the particular section to be constructed, 
having been machined as required to form the welding grooves and 
rolled to the proper curvature: were mounted on an assembly rig. 
They were next brought accurately into position to form a cylinder 
having an inside diameter of 30 feet and a length equal to the width 
of one plate, and tack-welded. The assembled primary length of 
pipe was then moved to an automatic welding machine where it was 
mounted on motor-driven rollers so that each longitudinal seam could 
be brought successively under the welding head, which moved back 
and forth while progressively depositing the weld metal in the \velding 
grooves. In welding the longitudinal seams of each primary length 
of pipe, or pipe course, a welding test specimen was provided as 
described in section 141. 

After the longitudinal seams were welded, two pipe courses were 
assembled with a stiffener-ring assembly between, see section 135, 
and the three members were then welded together, using a girth-seam 
welding machine as previously described. A girth-joint butt-strap 
ring, fabricated to the proper diameter, was next shrunk on and welded 
around one end of the pipe section, and a reinforcing ring was placed 
around the pipe ncar the other end of the section in the same manner. 
This completed the welding operations on a typical portable section 
of straight pipe as shown in figure 41. 

Pipe sections as described above were usually fabricated in lengths 
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of about 20 to 24 feet, and were used for those portions of the 30-foot 
penstock and outlet headers which are installed in the straight sections 
of the horizontal tunnels, '"·here the pipe is supported on piers by 
by means of support brackets attached to the stiffener-ring assembly, 
as indicated in figure 41. In the inclined and curved portions of the 
30-foot tunnels adjacent to the intake tmvers, where the pipe is em
bedded in concrete, the stiffener-ring assembly was not used. In 
these sections the primary lengths of pipe were welded together 
directly, and a stiffener ring, generally 1% by 8 inches in section, was 
welded around the pipe, as shown in figure 104. Portable sections 
of 25-foot pipe for the outlet headers were fabricated in a manner 
substantially similar to that described for the 30-foot pipe. 

Following completion of the welding operations just described, the 
welded seams were radiographed for the detection of any defects in 
the welding. "\iV elds of irregular contour and those not accessible 
by X-ray equipment, such as field or erection welds, were radiographed 
by means of gamn1a rays. After radiographic inspection of a section, 
any defective welding was removed and the portion rewelded as 
required before final inspection and approval. If the section was 
one to be installed in the open tunnels, the proper support brackets, 
which had been previously assembled, were then welded to the stif
fener ring as shown in figure 41. 

The section was next placed in the stress-relieving furnace for the 
elimination of stresses developed by the bending and welding opera
tions. Following completion of this operation, the section was moved 
to the boring mill, where the ends of the pipe shell were machined 
to insure a satisfactory fit between adjoining sections. The section 
was then moved to the drilling machine, where the holes for the pins 
of the erection girth joints were drilled undersize by four drills oper
ating simultaneously at each end of the section. The inside surface 
of the pipe section was next thoroughly cleaned by shot blasting 
and painted with coal-tar primer. The outside surface was cleaned 
by wire brushing and painted with a priming coat of red lead. The 
section was then placed in the storage yard, adjacent to the fabricat
ing plant, where it remained until its installation in one of the tunnels . 

. :\fany of the operations involved in fabricating the smaller sizes of 
pipe, namely the 13-foot diameter pipe for the penstocks, and the 
8.5- and 7 .21-foot diameter pipes for the outlet works, were essentially 
similar to those required in fabricating the 30-foot and the 25-foot 
pipe. The 13-foot pipe for the penstocks of the upper units, as shown 
in figures 8 and 9, \vas fabricated in sections 23 feet 4 inches long, 
except for one section 40 feet long near the upper end and two bend 
sections of irregular length at the lower end of each penstock. Each 
of the 23-foot 4-inch sections has a stiffener ring at the rnidpoint, with 
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support brackets, the ring consisting of a fillet insert with an outer 
web plate as shown in figure 22. In the lower units, see figures 10 
and 11, because of the adequate space for handling the pipe in the 
50-foot tunnels, much of the 13-foot pipe was fabricated in combina
tion sections 46 feet 8 inches long. Each of these combination sec
tions has two stiffener rings with support brackets, one spa.ced 11 
feet 8 inches from either end of the section. The stiffener ring con
sists simply of a fillet insert with a 5%- by 2-inch web plate welded 
around the outside of the fillet insert, no flange being used on the 
stiffener rings for the 13-foot penstock pipe. 

The 8.5-foot outlet pipes of the upper units were generally fabri
cated in 35-foot sect.ions, without stiffener rings or supports, since 
they were to be embedded in concrete. The sections \vere connected 
in the tunnels by means of the same type of joint as used in the 30-, 
25-, and 13-foot pipe, except that hot-driven rivets were used instead 
of cold-driven pins. The outlet pipes were connected to the outlet 
manifolds by means of field-welded joints. 

Among the most unwieldy of the portable pipe sections were the six 
wye connections of the tunnel-plug outlet works, a typical one on the 
Arizona side consisting of sections numbered LA-158, LA-16:1, and 
LA-164, see figure 10. These wye connections were about 38 feet 
long with a maximum width across the branches of about 25 feet, and 
weighed about 60 tons each. 

135. Stiffener Rings anrl Support Brackets.-As shown in figures 41 
and 102, the stiffener ring for each portable section of 25- or :10-foot 
pipe designed for mounting on piers in the open tunnels consists of 
three members: (1) An inner circumferential ring 21 inches wide, 
forming an integral part of the pipe shell, which was fabricated front 
a specially rolled section designated the fillet insert; (2) the web plate, 
\velded around the outside of the fiJlet insert; and (3) the flange 
plate, which is the outer member of the stiffener-ring assembly. The 
purpose of the stiffener-ring assembly is to insure necessary rigidity 
in the pipe shell and to provide means for supporting the pipe where 
it is not embedded in concrete. On all pipe not embedded in concrete, 
structural-steel brackets attached to the stiffener-ring assembly, at 
each end of the horizontal axis of the pipe, transmit the load to the 
piers. Additional details of the stiffener rigns and support brackets 
are shown in figures 22, ·23, and 24. 

The bars for the fillet insert and flange of the stiffener rings, and 
the bars for the reinforcing band and butt strap, as well as the plates 
for the pipe shell, ·were shipped to the fabricating plant in such lengths 
as to minimize the number of joints required in forming them into 
circles of the required diameter. In the early stages of the work, 
the web plates of the stiffener rings were made of circular segments cut 
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from plates of the proper thickness, as show·n in figure 102. Later, 
to save time and expense, the bars for the web plates were rolled to the 
required curvature at the mill and shipped to the project in such 
lengths that three bars made a complete ring. 

The procedure used in fabricating a stiffener ring for a 30-foot 
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diameter pipe ection was as follow . Three bars of the cro section 
and length required for the fillet insert, having been marked for 
identification and shop operation, were machined to form the welding 
groove and rolled to the proper cur1atme. They were as ombled 
and clamped into place on the tifl"ener-ring-assembly welding jig, 
shown as item 11 on the plant lay-out, and butt-welded to form the 
fillet insert. The plates for the web and flange, after having been 
machined and rolled, were next a sembled and " ·elcled to form a ring 
" ·ith a T cross section. This assembly was then shrunk onto tho 
fillet insert and 1\·elcled into place, see figure 22. During Lhi welding 
operation the ti.fl'encr-ring assembly wa clamped rigidly in a hori
zontal position, as hown in figu re 103. 

FIGURE 103.- WELDIKG STIFFEl\E lt-RIKG A ' EMBLY. 

Tho two welding machines used for welding the stifl'cner rings were 
mounted on the re pectivc ends of a horizontal cro boom that "-as 
attached at the miJdle to a central motor-driven vertical axle. The 
length of the cross boom was adjustable, so that the machines could 
be adapted to rings of various diameters and could be sufficiently 
retracted to permit removal of the completed ring. After one side of 
the ring was welded, the assembly was turned over and the opposite 
side welded. 

In fabricating the stiffener ring, the wrlded butt joints between 
the segments of each of the various members, namely tho fillet in
sert, the web, and the flungc were stnggered, a indicated in figure 102. 
In many of tho operations, changes were made as improved methods 
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,,·ere developed during Ll1c progress of Lhe \\·ork. For example, the web 
of the stifl'encr r ing \\·as aL first ,,·elded directly to the fillet in ert by 
means of grooves formed by chamfering the edge of the web plate. 
Later, this design was superseded by one involvino· the use o£ a small 
round rod ,,·eldecl bet\\·een the t\10 member , as sho\\·n in detail A of 
figme 102, \\-hicb provided larger "-elding surface and eliminated the 
necessity for cu tting welding groo\es. 

136. Fabrication of Bends and Fittings.- The procedure followed in 
fabricating special or irregular ections and fittings ucb as bends, 
reducers, wye , and branch connections will be apparen t from tbe 
foregoing description and the accompanying drawings and photo
graphs. T he bend sections, as shown in figure 104, consist of short 
segments of sLraight pipe of such length thaL, when assembled, the 
center line of the ·ection forms an arc of a circle of the proper rac1iu , 
and the angle of departure bet\\·een adjacent egment does not exceed 
10°, as stipulat ed by the pecification.. Figure 105 and 106 show 
some 30-foot dimnctcr pipe bend sect ions during fabrication. 

FIGURE 105.-FABlUCATI -o A 30-FOOT DIAMETER BEND SECTIO:\. 

The method of fabricating reducers and reducing bends is indicated 
in figure 107. IL " ·ill be ob en ed Lha l the reducing bend " ·ere formed 
by cuttin o· a regular cone, a ordinarily fabr icaLecl for a sLraight re
ducer , into irregular segments of such dimension lhnL, when assem-
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106.-AS 'EMBLIXG AXD \YELDJKG 30-FOOT DIAl\lETEH. 
BEXD SECTIOXS. 

bled , the center line of Lhe sect ion forms a circular arc of th e required 
rad ius, with the angle of departure between segments not exceeding 
th e prescribed limits. 

The pln tes for the , treamline port ions of the branch connecLions for 
joining the 13-foot penstock to the 30-foot pen lock headers, as well 
as other irregularly cu1Ted plates required .in such fillings as \\-yes and 
three-\\·ay junctions, \\ere bot -pressed to the proper form in tlw con
tractor' main plant at Barberton, Ohio. One of these pressed plates 
is sho\\·n in figure 108. Figure J 09 sbo''" tbc pluto assembly for ection 
UN- 31; and figure 110 shows the as embly of plates for Lhe streamline 
portion of one of the :30- by 13-fool branch connection of the lo"·er 
Ncn1cla unit being welded. It will be ob en-ed tha t in fabricating the 
streamline portion of the bnwch connections the cmTed plates \\·ere 
as om bled on a jig or form where they " ·ere secmely clamped in place 
and then tack-\\·clclecl. Following this the principal \\·elcling was done, 
largely by hand, by a group of the most highly skilled welders obtain
able. As designed and fabricated for the lo\\·er units, the plane of the 
outlet end of each branch connection i normal to the center line of 
the branch, o~· pen lock, and is 2;3 feet 4 inches from the point of 
intersection of the center lines of the hender and branch. In the upper 
units, because of the restricted pace in the :37-foot tunnels, it " ·as 
nccc sa ry lo usc a sl igh lly difl"crent design for the branch connections. 
The plnne of the outlet end of each upper hnmclt connection i parallel 



T---~-----.------===o:------~==-------, 
: i;l-. 
: --~----

c;_ 
..... "'· ;;1-. I.D 

23" e32 R. 

-----·26'·9r 

··1:---~

---~r 
~-

CZ>_ ~Teo:. 

"'· 

.L . .t 
-~-
Oil-, ... L-.....1..~------------+----!.-=::::,J'---..J ___ L_.t_ 

/~----49'-aH· R 40'·7-/ij- R------·"'\ 

It' PLATE 
TWO EACH REQUIRED PER CONE 

r------------ -------17'-10~: _______________________ ~ 

., .. ~~:· .. ',: ~·.·••l?·•:,·.~,~J 

0 • 

PLAN OF REDUCING BEND 
. L. ~-----1'- 5'if.,·-----*--

( Fobncoted from reducrng cone) 'r'···-
DETAIL OF REDUCING CONE 

FIGURE 107.-DESTGN OF 20- TO 14-FOOT REDUCING BEND. 



222 PENSTOCKS A D OUTLET PIPES 

FIGURE 108.-HOT-PRE:::lSED PLATE FOR 30- BY 13-FOOT 
BRAKCH COKNECTION. 

FIGuRE 109.- PLATE AS8Ei\IBLY FOR 30- BY 13-FOOT BRA:'\CH 
COXXECTIOX. 
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to the center line of the heacler , and the cente r of the outle t is 20 feeL 
% inch Jrom LlJe intersection of the center lines of lhe header and 
brnnch. 

Figure 111 shows th e s treamline portion of one of the upper A_rizonn. 

FIGURE 110.- \\'ELDIKG 30- BY 13-.FOOT BRAX 'I I COX~ECTIOX. 

FIGCH.G 111. - :::lTRE .\i\ILIXE POHTJOX OF 30- UY 13-FOO'l LATBH.AL. 
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30- by 13-foot branch connection nearing completion ; and fi aurc 112 
sho\\·s two o f th e :w-by 13-foot branch connections for tbc 1 wer units 
practically completed. Figu re 1 B ll O\YS section UA- 67, a 14- by 
8.5-foot wyc of the canyotHrall outlet manifold, in the proeess of 
fabrication; and fig ul'e 114 sho,,·s a 14- by 8.5-foot ""·ye with outlets 
do, eel being subjected to a pTcssu re te t of 400 pounds p er square 
incl1 , one and one-half times the regular operating pressure, \\·hile the 
welded joint arc being sledged. 

FIGCllE 112.-T\\"0 30- BY 13-FOOT BH.\ ~C'll CO~~ECTIO~S XEARI:XG 
CO:\IPLETTO:\. 

137. Penstock and Outlet-Pipe Flanges.- The penstocks are pro
vided "·it h flan ge's n,t their clown Lream C'tHI. for conneding them to the 
hultt'rfly ,ralvcs iJl the po\\·cr plan L. Eaeh 1:1-fooL pens tock lcrminaLt'S 
in a s ho rt cone-shaped section wl1 erchy th P cliamc'Lcr of the pen lock 
is increased l)y 9 3~ inchc to 165 3~ incb c's . The flange h ave an out ide 
diamctN of J 4 inc·!Jp · and arc 12 }~ illehes tlli<"k , \Yith 64 holes drilled 
on a 176-ineh diamelc'r bolt circle for t he 4-inch bolls that conncct the 
pen lock to the butterfly ,-alw, SC't' figure J 15. The flanges han a 
:3-ineh projretion or lip on th e rear ide by means of " ·bich they were 
shop-\\·eldrd to the tcnninatiug, cone-shaped sect ion of th e pen Lock. 

T he detaiJccl designs accompany ing order for cb atlges No. 1 
provided for fo·rged- lcel flange for all pen locks and ou tlet pipe . 
Howcvcr , becau. r of diffi culties C:\.l){'rirn crd in \Y elcling togcth r r the 
ends of the lnrgr forged- le 1 sect ion (npproximately 13 by 1 in ches) 
required for a pens tock :flange) the poss ibility of th e d evelopment of 
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FIGURE 113.- FABRICATING 14- BY 8.5-FOOT WYE. 

s tress cracks within the weld, and the impossibility of makmg an 
X-ray examination of the "-clcl, the usc of forged steel for the pen took 
fl anges was discontinllecl after making the first flange, and cast-steel 
flanges wore used for all other penstocks. Forged-steel flano·cs, how
ever, were used on all outlet pipes, a th e size of tho flange in cross 
section ''"as loss Ll1an half that of the penstock flange and could be 
\\-elded without clifficul ty. 
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FIG UH.E 114.- A 14- BY 8.5-FOOT \YYE COXSECTIOX B.Ell\'"G TEHTI·:U. 

Note Workman Sledging Welded Poinrs. 

The outlet pipes of the canyon-wall outlC't " ·orks are connected to 
th e 96-inch em crgt'ncy gates by m eans of forged-str.el flanges. These 
flanges were slJOp-\\·elcled to short reducer sect ion \\·h erein Lh c diam
eter of the 8 .5-foot outlet pipe i reduced by 6 inches . The e flanges 
have an insid e diamcLer of 96 inch e , an outside diamcte1· of llO inches, 
arc 6 inches thick, and have 56 bolt boles on a 105 }~-iiJ ch boll circle 
for th e 2%-inch bolts connecting th e outlet pipes to the emergen cy 
gates. T h e 7.21-foot ( 6.5-inch) outleL p ipes of the Lunnel-plug 
manifolds are connected to the 6-inch emergency o-ates by means of 
flange of the same type . D etails of the flanged connections of ti t<' 
penstocks and th e canyon-wall outlet pipes arc shown in ftgurc 115. 

138. Welding Requirements.- Thc specifications required: (1) that 
th e hapc and dimensions of the edge of all member lo be joined by 
welding should be such as lo faci litntc thorough fusion and complete' 
pen etration; (2) that all longitudinal and shop-weld ed c·ircumfNentia l 
joints should be \\·elclecl " ·ith automatic " ·elding machine by u proce s 
that would exclude th e a tmosphere from the m etal " ·bile in its molt en 
state, and \Yith a technique tlHlt would in uro lJniform distribution of 
the load throughout th e \\·elckd section , \\·ith no tendency lo produee 
eccentric loading, , hear, or di - lortion in the \H'Icl or the mctnl acljaeenL 
thereto ; (3) that th e deposi led \\·del metal bould be free from unsound 
metal and crack ; (4) that the metal deposited in the ex trem e root of 
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the welding groove should be chipped to a depth that would insure 
removal of all scale, incomplete fusion, and any evidence of irregularity 
in the welding procedure, and the metal so removed should be replaced 
by welding; (5) that each deposited layer of weld metal should be 
thoroughly peened; and (6) that the finish of the welded joints should 
be reasonably smooth and free from grooves, depressions, and other 
irregularities. 

It was further required that the welding procedure should be under 
control at all times, and that there should be no greater evidence of 
oxidation in the metal of the weld than in the metal of the plate. It 
was also required that, if for any unavoidable reason welding should be 
interrupted, special care should be exercised in resuming work, in 
order to secure full penetration and thorough fusion with the work 
previously done. All welding was required to conform to the current 
rules for the fusion process of welding, class 1, of the American 
Society of 11echanical Engineers Boiler Construction Code, Unfired 
Pressure Vessel Section. The tensile strength of any weldPd joint was 
required to be not less than 190 percent of the yield strength specified 
by the bidder for the steel plates he proposed to use. 

139. Qualifications of Welders.-The specifications held the con
tractor responsible for the quality of work done by his welding organ
ization, and stipulated tlw.t he should employ on the project only 
skilled welders capable of meeting the q ualificat.ion test for welders as 
specified in the rules for fusion welding referred to in the preceding 
paragraph. It 'vas provided that the contracting officer should have 
the right at any time to call for and witness the making of test speci
mens by any welder in accordance with the above-named code. It 
was also spe<~ified that all sueh test specimens should be welded in the 
same position in which the welder was qualified to work. 

140. Welding Procedure and Details.-All welding was by the 
electric-arc fusion process, in which the electrodes are covered with a 
mineral base flux which provides complete protection of the molten 
metal from all oxidir.ing agents and produces a slag which covers the 
deposited weld metal and thus protects it while cooling. After each 
pass of the welding head, the slag was removed and the deposited 
metal thoroughly peened with a pneumatic blunt-nosed peening tool. 
Alternating current was used for a.ll welding. For all automatic 
welding the tandem-arc head was used, laying two beads side by side, 
one arc being about 7 inches behind the other. 

The electrodes, usually from 8 to 12 feet long, with ends threaded 
and tapped to facilitate replacement without interrupting the welding, 
were automatically fed by means of special welding heads which main
tained a constant arc length equivalent to a drop in voltage across the 
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arc of 30 to 35 volts. Practically all \H'lding was done with elect rodes 
one-quarter of an inch in diameter, using a curren t of approximately 
400 amperes. For laying the fin isbing or covering bead on the under 
side of th e plate from the welding groove, after the main body of the 
weld metal had been deposited, electrod es three-eighths of an inch in 
diameter , which requi red a higher welding current, were used in order 
to obtain complete penetrat ion into the metal first deposited, and thus 
eliminate any imperfections that migh t have occurred in making this 
part of the weld. Insofar as practicable all \\'clcling groovrs were 
formed so as to permit welding from the ou ts icl c of the p ipe. Various 
modifications of the conventional U-shapcd \\~c]d ing groove, and 
various forms of chill bars or backing-up strips, were used. 

Automatic welding machines wen' used wherever possible, see 
figure 116. They were used for welding all longit udinal and girth 
scams on both straigh t and special sections of pipr, and for making 
the fillet welds that connect the butt traps and reinforcing bands 
to tb e pipe sh ell . Certain fittings such as wycs, reducers, a11<l branch 
com1cctions in volved irrC'gular or intricate joints tha t required weld
ing by manual methods. The butt welds connecting the ends of th e 
various bars used in fab ricating tbc stiffcn<'r-ring assembly, and the 
reinforcing ancl bu U-stra p bands, \\-ere also formed manu ally. 

F IGURE 116.- THREE AUTOMATIC WELDING 
OPERATION. 
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In general, as the result of investigation and experiment during 
the initial sta.gcs of the work, the plat.Ps used in the 25- and 30-foot 
diameter pipe sections were kept heated throughout to a tempera
ture of about 100° F. during their progress through the fabricating 
shop, beginning with the bending roll and continuing to the stress
relieving furnace. As explained in the concluding sections of this 
chapter, this procedure was adopted to prrvent the occurrence of 
fractures due to stn'sscs developed by welding. 

The welding of one girth joint of a 30-foot pipe of maximum shell 
thickness involved the deposi6on of approximately 800 pounds of 
weld metal. In W<'lding such a joint, the work would frequently 
continue for periods of 36 hmirs without intt~rrupting the arc. Ap
proximately 1,000 tons of electrodes were usC'd in welding the pipe 
of the penstock and outlet systen1. 

141. Weld Tests.-It was required that one weld-test specimen of 
stipulated dimensions should be provided for each fabricated length 
of pipe, and tested in accordance with the Rules of the Boiler Con
struction Code heretofore mentioned; that welded joints should 
show an efficiency of 100 percent under test; that every portion of 
each longitudinal and welded circumferential joint should be radio
graphed by an X-ray apparatus; that defects in longitudinal joints 
and slag inclusions in circumferential joints should not be in excess 
of the allowance prescribed in this code; that any defects repaired 
after the X-ray examination should be again X-raycd; and that the 
repaired section, when found to be satisfactory, should be a.gain 
stress-relieved. 

vV elding specimens for the determination of physical properties 
were regularly provided by tack welding two 8- by 16-inch plates 
to one end of each pipe section in such a way as to form a 16-inch 
extension of one of the longitudinal scams. The plates were of the 
same thickness as the pipe shell and of identically the same steel, 
and were provided with a welding groove of the same form and dimen
sions as that of the pipe section. After the weld, including the 
extension ma.de by the two steel plates, had been completed, the 
test assembly was torch-cut from the pipe section, stress-relieved, 
and delivered to the laboratory, properly identified by the same 
markings a.s on the section from which it was taken. 

The welding specimens were tested for (1) density of the weld 
metal; (2) bending transverse to the weld; (3) yield strength and 
ultimate tensile strength transverse to the weld; and ( 4) yield strength, 
ultimate tensile strength, and ductility longitudinal to the weld. 
Four specimens after test are shown in figure 117, and the results of two 
representative tests of weld metal are shown by the stress-strain curves 
in figure 118. 
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142. Radiographic Inspection.--As mcnlioncd .in section 11, the 
~pcc.ifical.ions rt'qui.red that afl rr compll'Lion enry portion of each 
welded joinL sh ould be radiographed by an X-ray apparatus of su.ffi
c.icnt po'n'r and ,,·.iLL a ledmiquc lbat ,,·ould dl'ady show and quanli-



232 PENSTOCKS AND OUTLET PIPES 

tatively determine the size of a defect with a thickness greater than 2 
percent of the thickness of the plate. Radiographic inspection in
volved radiographing approximately 270,000 lin,ear feet, or about 51 
miles, of welding, which required approximately 159,000 separate X
ray exposures and the use of about 24,000,000 square inches of X-ray 
film. 

The capacity of the X-ray <'quipment was such as to penetrate 
welded seams up to 4 inches in thickness. Any defects in excess of 
those tolerated by the Boiler Construction Code heretofore mentioned 
were removed by chipping, the chipped-out portion was rewelded and 
again X-rayed, and the operations repeated, if necessary, until the 
weld passed inspection. · ;.: . , · .-... 

The procedure in makinii,the radiog1:aphs was as follows: The weld 
to be radiographed was laid off in lengths of 18 inches, each length 
being identified by symbols stamped in tq~ steel plate adjacent to the 
weld and by corresponding symbols produced by means of lead in the 
radiograph. The X-ray machine was then brought into proper posi
tion, with the shielded cone directed tmvard the weld to be examined. 
A film holder was then placed on the inside of the pipe exactly opposite 
the cone, and an exposure of the proper length of time was made. 
The above procedure was repeated until the entire weld was radio
graphed. Since the radiogra.phic work could be carried on much faster 
than the fabrication of the pipe sections, this part of the work seldom 
had to be hurried. Development and examination of the films re
quired less than half an hour, thus making approval possible soon after 
completion of the welding. 

Welding defects generally consisted of porosity, slag inclusions, 
incomplete fusion, or shrinkage cracks. With proper X-ray inspec
tion, all defects of a size greater than the 2 percent allowed were 
accurately located and recorded. Slag inclusions were permitted if 
their length did not exceed one-third the thickness of the plate, pro
viding that any two adjacent inclusions were separated by solid weld 
metal equal to t'vice the plate thickness, and that such defects did not 
avei·age more than one per foot for any one joint. The judgment as to 
acceptable or unacceptable porosity was based on comparison of the 
X-ray films of the welded seam with radiographs in the code. Any 
cracks or areas of incomplete fusion revealed by the examination were 
repaired even though they might appear to be insignificant in extent. 

A part of the work of keeping X-ray records was to trace on trans
parent paper any defects important enough to require attention. 
This tracing indicated to the shop foreman the nature, size, and exact 
location of the defect. Each welder was required to put his identifica
tion symbol on every weld he made, and a continuous record was 
kept of the percentage of defects chargeable to him. It was not, 
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however, the custom on this job to require the welder to do any re
welding. The welding repairs were better done by specialists and it 
was considered inadvisable to interrupt the regular \vclding schedule 
to give attention to rcw·elds. vVith the automatic \velding machines, 
operated by experienced welders, it was found that the personal ele
ment was a minor factor, so that no penalty for defects was imposed. 

The X-ray method of inspecting welds was used in preference to 
the Gamma-ray methodz because of its greater economy, speed, and 
excellent contrast or clearer definition of defect on the films. How
ever, it was found that the X-ray equipment would successfully 
penetrate steel with a maximum thickness of only 3)f to 4 inches. 
Gamma-rays, on the other hand, having been successfully used to 
photograph steel plates up to 10 inches in thickness, were found more 
suitable for inspecting some of the thicker welds of irregular contour, 
such as those involved in the 30- by 13-foot branch connection and 
a few welds made in the tunnels. 

The men employed in radiographic work were given periodical 
medical examinations, and during the first year their daily assign
ments were rotated so that no operations were performed con tin
uously. Periodic tests of the equipment in the shop were also made 
for the detection of stray rays. 

143. Physical Tests of Welds.-All required physical tests were con
ducted in the fabrication shop laboratory, which was equipped with 
a 300,000-pound capacity hydraulically operated testing machine. 
Specimens for both bend and tension tests were machined to the proper 
size in the machine shop adjoining the laboratory. All physical tests 
were conducted by employees of the contractor under the supervision 
of Bureau of Reclamation inspectors. Permanent records were made 
in duplicate of the results of all tests and copies of these were filed 
with the Bureau. Chemical analyses of each slab were supplied by 
the steel mill and also filed with the Bureau. 

144. Heat Treatment for Stress Relieving.-Upon completion of 
welding, radiographic in~peetion, and testing, all pipe sections were 
heat-treated in the stress-relieving furnace by being slowly brought 
to a temperature between 1,100 and 1,200° F., soaked at that temper
ature for an hour per inch of maximum thickness, then slowly cooled 
in the furnace to 500° before being removed. 

At the time of the design of the Hoover Dam penstocks there existed 
considerable difference of opinion among engineers and manufac
turers concerning the necessity of stress relieving of welded joints in 
the construction of pressure vessels. The Boiler Construction Code 
(1932), Power Boiler Section, of the American Society of l\1echanical 
Engineers, which covers the welding of plain carbon steels in which 
the carbon content does not exceed 0.35 percent, requires that all 
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welded drums used as power boilers, and in general all pressure vessels 
used under exacting and dangerous service conditions, shall be stress
relieved. The Unfired Pressure Vessel Section requires that all class 
1 fusion-\velded vessels shaH be stress-relieved; and that class 2 vessels 
shall be stress-relieved where both the wall thickness is greater than 
0.58 inch and the shell diameter less than 20 inches, and for other wall 
thicknesses and shell diameters, where the ratio of the diameter to the 
cube of the shell thickness is less than 100. 

Experience in the fabrication of the pipes for the penstock and outlet 
system, as well as extensive prior research, conclusively demonstrated 
the advisability of stress relieving the welded joints in order to secure 
unquestioned safety in the structure. Tests of the welded joints 
indicated that although heat treatment did not eliminate all of the 
stresses developed by \velding, it did reduce such stresses to nominal 
amounts \vhich were not dangerous . 

.:\Jany investigations have been made and much has been published 
on the strains- and corresponding stresses caused by welding. It has 
been shown that welding a seam in a prrssure vessel may produee 
strains or deformations in the plate adjacent to the weld and at right 
angles thereto, of sufficient magnitude as to cause stresses equal to or 
exceeding the yield strength of the material. It is well known that 
ruptures occasionally occur in pressure vessels as the result of strains 
caused by fusion welding, indicating that such strains may be of 
considerable magnitude. It has been demonstrated that if a vessel is 
put under pressure, certain portions which at first are overstressed 
may be relieved by an equalization of stresses occurring through plastic 
flow in the fibrous structure of the metal, provided the welds are sound 
and the weld metal is uniform and of as good quality as the plate. 

Bursting tests of vessels under hydrostatic pressure, as ordinarily 
made, do not give reliable data on which to base rules or procedure 
for stress relieving, whereas tests under intermittent pressures are 
specifically adaptable to this purpose. Vessels tested by subjecting 
them to pulsating pre~sures have failed by rupture in the plate parallel 
with the weld at hoop stresses lower than the endurance limit of the 
material. Such failures may be due to the existence of stresses ad
jacent to the weld that have been caused by the welding, which stresses 
added to the hoop stress resulting from the hydrostatic pressure may 
equal or exceed the endurance limit of the material. Tests covering 
this particular feature of welding were made by the contractor's 
engineering organization under the supervision of Professor l\1oore. 1 

These tests were designated as "breathing tests," since the vessels 
were subjected to pressures alternatjng from zero to one and one-half 

1 Moore, H. F., Research Professor of Engineering Materials, Engineering Experiment Station, Univer
sity of lllinois. 
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times the allowable working pressure. The tests were of great value 
in demonstrating the reliability. of fusion welding. 

A most important factor that must be considered in deciding whether 
a vessel should be stress-relieved is the possibility that, notwithstanding 
all the usual precautions, the weld, although usually stronger, may not 
be as uniform and as ductile as the parent plate. If portions of the 
welded joint are not thoroughly fused, experience has shown that 
intermittent stresses due to variations in temperature will lead to 
cracks starting at the unfused portions and increasing to an extent 
that may result in failure. Stresses resulting from imperfections in 
the weld must be given most serious consideration, and in ease of 
doubt. those responsible for the safety of the st.ructure naturally favor 
conservative procedure. It is difficult to formulate rules based on 
the results secured in service where methods are advancing as rapidly 
as they are with fusion welding, and \vhere defects may develop after 
many years of use. Also, the stresses depend in a large measure on 
the methods used in welding, since many variables are involved. 

Local stress relieving, as around a nozzJe or around a girth joint, 
may set up exceptiona11y high stresses in the shell of a vessel adjacent 
to or around the part that has been stress-relieved. '\Vhere a vessel, 
too long to be placed in the stress-relieving furnace, is stress-relieved 
in two or more heats, objectionable stresses may be developed should 
the temperature gradient be too high between the heated and the 
cooled part of the shell, thus causing distortions of the shell in this 
zone. The A. S.M. E. Code for Unfired Pressure Vessels for Petroleum 
Liquids and Gases requires that the temperature gradient for the part 
in question shall not exceed 200° F. per foot of length. 

In conclusion, it may be stated that in view of the absence of 
definite knowledge concerning many questions relating to stress 
relieving, many users of pressure vessels require that all such vessels 
be stress-relieved when the wall thickness exceeds some minimum, 
usually three-quarters of an inch, even though stress relieving is not 
required in such cases by the A. S. 11. E. code. 

145. Stress-Relieving Furnace Operation Details.-The stress-relicv
ing furnace was so designed that a large volume of recirculated gas is 
driven through the heating chamber alternately in opposite directions. 
During one period, the hot entering gases come in contact with that 
part of the charge which was in contact with the coolest gases during 
the previous period. This results in an average temperature distri
bution which is practically uniform. In addition, the reversal has 
the effect of breaking up or preventing eddies and stagnant spaces 
wh_ich always develop when hot gases are circulated through a large 
chamber over an irregularly shaped charge. Surfaces which are in 

819135°--49----17 
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unfavorable locations for absorbing heat when the gas flows in one 
direction are exposed when the direction of flow is reversed. The 
large allowable temperature drop in the circulating gases, due to 
reversal, permits the use of a smaller circulating fan for a given heat 
input. The fan gases are admitted in jets at a high velocity to set up 
a rapid recirculation and mixing in the heating chamber. About 
2,000 pounds of gas per minute were injected at a velocity of 60 feet 
per second. 

The combustion chamber was located apa.rt from the furnace, 
discharging the waste gases through a reversing valve, which was 
connected at each end to respective sides of the furnace. The hot 
gases from the oil-fired combustion chamber were blown into the main 
chamber through air ducts 6 feet in diameter located along one side, 
and passed out through similarly located ducts on the opposite side. 
The gases were then returned to the combustion chamber for addi
tional heat and forced once more into the main chamber. At periodic 
intervals of from 1 to 10 minutes, the cycle was reversed and the 
exhaust side of the main chamber became the inlet side and vice 
versa. The main function of the furnace \vas to gradually heat the 
pipe section uniformly to a predetermined temperature. This was 
done in such a manner that no great temperature differential was 
set up between the component parts of the pipe section. Such a 
procedure eliminated the possibility of distortion of the parts due to 
uneven heating. 

Four thermocouples for measuring the temperature were placed at 
convenient locations in the furnace, and the soaking temperatures \vere 
recorqed at 15-minute intervals. In addition, an automatic pyrom
eter registered the temperature of the incoming gases. The direc
tion of the incoming gas was reversed frequently enough to maintain 
uniform heating of all pipe sections, including those of irregular size 
and shape. Figure 98 shows the car, \vhich also included the door of 
the furnace, with a 30-foot diameter pipe section about to be placed 
in the furnace for stress relieving. 

146. Machining and Drilling.-After removal from the furnace, the 
stress-relieved sections were moved to the machining lay-out jig 
where they \vere marked for milling of both ends and for drilling the 
holes for the pins of the erection girth joints. The ends of the sections 
were then machined on the boring mill to a true plane normal to the 
axial center line of the pipe so as to insure metal-to-metal contact of 
the adjoining sections when finally installed. The sections were then 
taken to the drilling machine where the pin holes for the girth j0ints 
were drilled undersize. 

During the initial stages of the work, holes for the field girth-joint 
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pins were shop-drilled, one-sixteenth of an inch undersize, in the spigot 
or upstream end only of each pipe section, leaving the holes in the butt 
strap at the opposite end of the section to be drilled as an erection 
operation. After a section had been moved into place within the 
tunnel and the butt strap of the previous section had been shrunk-fit 
onto its spigot end, see section 165, the holes in the butt strap were 
drilled one-sixteenth of an inch undersize from the inside of the pipe, 
using the shop-drilled holes in the spigot end of the downstream sec
tion as a gui-de or template. Following the occurrence of the fracture 
that developed in drilling the pin holes in the butt strap of section 
UN-9, as hereafter described in this chapter, all pin holes in the butt 
straps as well as in the spigot ends of pipe sections were made by shop 
drilling pilot holes to a diameter of five-sixteenths of an inch less than 
the diameter of the pin to be used, and then, \vhen erecting the pipe, 
enlarging these pilot holes to one-thirty-second of an inch less than 
the nominal diameter of the pins. 

147. Shot Blasting and Painting.-After fabrication and stress 
relieving were completed, the pipe sections \Vere placed endwise on 
the concrete shot-blasting floor and the intcr~or surface was blasted 
to bright metal, preparatory to painting. The blasting .operation, 
using sharp-pointed steel grit, was carried on with such intensity that 
all mill s.cal'e. and other loose surface material on the steel plates was 
complet~ly re1noved to bright metal, leaving a clean, rough~:b.e-d."~ur
face to receive a shop coat of bituminous primer which was applied 
by hand brushing. The shot blasting occasionally exposed snakes and 
similar defects in the steel plate which required repair by welding and 
grinding. 

The outside surface was thoroughly cleaned by hand wire brushing 
and those sections not to be embedded in concrete were given a 
priming coat of red lead applied by hand brushing. Hand brushing, 
instead of application by air brush was preferred because the paint 
can be more thoroughly worked into the surface, and thus gives a 
better bonded coating on which to apply the finish coating. Sections 
thus painted were entirely complete as far as shop fabrication was 
concerned and were stored temporarily under the crane runway or in 
the specially provided storage yard between the shop and the highway. 

148. Storage and Loading of Sections.-Completed sections for the 
25- and 30-foot pipes were stored in an upright position, as shown in 
figure 119. This required turning them to a position with the axis 
horizontal before they could be loaded onto the large trailer and trans
ported to the loading point under the cableway. The turning oper
ation was performed under the crane runway by means of a special 
rigging consisting of heavy cable slings and lugs attached to the pipe 
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~cet i ons in uch a manner that Lhe section could be raised to clear the 
ground by 6 or 8 feet, and then lowered onto the four rubber-faced 
supports on the trailer, ready for transporting to its place in one o£ 
tho tunnels. 

FIGURE 119.- SECTlONS OF 30-FOOT PIPE IN STORAGE YARD. 

FRACTURES AND THEIR REP AIR 

149. Fracture in Section UN-9.- As might ordinarily be expected, 
e"'pcc ially in work of this magnitude, fractures developed in connection 
with the Jabrication and installation of a few of th e pipe se ·tions . A 
di :-;c uss ion of tbc causes of these fractures and of the methods adopted 
for l11c•ir repair may be of interest. 

As mte of Lhe 27{6-in ch hole :for Lhe pins of the girth joint was being 
drilled i1t the bulL strap aL the downstcam end of section UN- 9, a 
fradure or crack developed under the point of the drill, and progressed 
to the outer edge of the butt strap and extended in the opposite direc
t ion for 5 feet into the shell plate. This fra cture, ·which occurred as 
llw cction was b 'ing erected i11 Lhe tunnel, was believed a t tributable 
to a high localized shrinkage stress in the bu tt strap, increased by the 
14-ton pressure and torsion efl'ect of the revolving drill, Lhe latter 
beir1g evidenced by the nature of Lhe fracture. 

Tltat a high localized shrrnkage stress could temporarily exist in the 
bnlt strap was reasonrd by the inves tigato rs of the fracture approxi
mately as follows : It was the practice to make Lhe inside circumference 
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of the butt strap smaller by 0.001 inch per inch of circumference than 
~he outside circumference of the spigot end of the pipe section that 
fits into it. The record for this particular joint shows an actual 
difference in circumference which, after the pipe section was assembled, 
would imply an average residual tension in the butt strap of about 
12,000 pounds per square inch and a compression in the spigot end 
of about 15,000 pounds per square inch. It seems quite conceivable 
that when a joint of this type is first made up by expansion of the 
butt-strap end and a subsequent shrinkage onto the spigot end, such 
a residual shrinkage would not be uniformly distributed but may, for 
the time being, be much greater at certajn points than at others. It 
also seems reasonable, with the jarring and working to which the metal 
is subjected in the operation of drilling, that when the joint is com
pletely drilled around the entire circumference such irregularities in 
this state of shrinkage stress as may exist at the start will be in a very 
large degree evened out. The break in the joint of section UN-9 
occurred when the joint was drilled to a point about two-thirds or 
three-fourths the distance around the circumference; and, by the 
above reasoning, it seems quite conceivable that there may have 
been a condition of hoop tension in the strap at this point considerably 
above the average and that this, together with the 14-ton pressure of 
the revolving drill, produced the rupture. 

It is noted that the physical properties of the plates in the pipe 
shell and butt strap for section UN-9 averaged as foJlows: 

-----------------------------------------
Ultimate tensile strength, pounds per square inch ______ _ 
Yield strength, pounds per square inch _______________ _ 
Elongation, percent_ _________________ :. _____________ _ 
Reduction of area, percent __________________________ _ 

I Pipe shell Butt strap 

79, 700 
41,400 

28. 5 
39 

77, 900 
39,000 

27. 5 
40 

150. Method of Repair.-The fracture in section UN-9 was about 
five-sixteenths of an inch wide tlu·ough the butt strap, decreasing uni
formly to zero width at the other end. A X-inch hole was drilled 
through the shell of the pipe slightly beyond the visible end of the 
crack to stop further progress. The installation of girth joint pins 
was then started at a point in the girth joint directly opposite the 
crack, and was continued progressively at the same rate both ways 
around the joint. This reduced the width of the crack at the butt 
strap to three-thirty-seconds of an inch. The crack was then chipped 
out from both sides and completely welded and X-rayed. Four pairs 
of 2%- by 8-inch circular steel bands were then made, in three seg
ments, the segments being connected with two 2.Yz-inch diameter steel 
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pins. Three pairs of these bands were shrunk on the outside of the 
pipe itself, at the zone of the crack, and the other pair was applied 
over the butt strap, as shown in figure 120. The reinforcing bands 
applied in this manner were sufficient to withstand the full maximum 
internal pressure at a stress of about 17,500 pounds per square inch, 
with no stress in the shell throughout the zone of the welded crack. 

Upon completion of repairs to this pipe section the joint was given 
a leakage test at a pressure of 178 pounds per square ineh, equivalent 
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to a hydrostatic head of 411 feet on the center line of the pipe. There 
was no leak around the calking edge, but 11 pins showed "tear-drop" 
leaks. These 11 leaks, scattered around the joint, were easily stopped 
by light calking \vith an air hammer, using a blunt-nosed tool, which 
showed quite clearly that there was no relation between the leaks 
and the repaired crack. The fact that there were no leaks at the 
calked edge of the butt strap showed the regular calking to be adequate, 
and the ease with which the tear-drop leaks were stopped demonstrated 
the general adequacy of the joint and the tightness of the pins. 

After repairs were completed, the frature was X-rayed from two 
angles, but showed no indication of any defects. As this pipe section 
was to be embedded in concrete in the curved portion of the tunnel, it 
was concluded there could be no doubt concerning its stability and 
strength. 

151. Fractures in Section LN-31.--This section of 30-foot diameter 
pipe for use in the lower Nevada unit, when being moved from the 
shop, fell through a vertical distance of 10 or 12 inches and struck 
one edge on a track rail in the yard. Two cracks developed, as shown 

"'in figure 121, one through the butt strap and into the shell for a dis
tance of about 11 feet, and another in the shell and through the rein
forcing band, but not continuing to the edge. 

I -l 
Long seam weld 

Crock .. ,..I\. 
t 0 

Girth weld ---·,-:--, 

Long seam weld-------
__ .;>-
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Fillet 
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Girth seam welds--~.:--. -
Crock--------. ~00· ,",',. 

II) --weld 

I 1 
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FIGURE 121.-FRACTURES IN 30-FOOT PIPE SECTION LN-31. 

This section had not yet been stress-relieved; hence there probably 
were irregular locked-up stresses of very considerable magnitute within 
the shell. Furthermore, the fall of this heavy section through a dis
tance of 1 foot would develop an impact of the order of 300,000 foot
pounds, and this energy concentrated at one point on the edge of the 
section would produce an extreme concentrated stress. This would 
immediately develop into an acoustic wave in the steel, which would 
travel through the rema.inder of the structure, probably with parts 
traveling around the section in different directions, meeting at points 
on opposite sides and perhaps reinforcing at such points. Assuming 
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an initial condition of locked-up stress, it seems probable that a crack 
may well have started at such point or points, and, once having started, 
continued a considerable distance beyond the initial point of rupture, 
as experience shows it may. 

The cracks were chipped out and welded with the regular shop tech
nique. The section was then stress-relieved for 2% hours at from 
1,100° to 1,150° F., after which radiographic examination showed no 
defects. Accordingly, the section was considered to be in as good 
condition as any other completed section. 

152. Fractures in Bend Sections of 30-Foot Pipe.-When fabrication 
was first started on the 30-foot diameter bend sections for installation 
in the upper Nevada tunnel immediately under the intake tower, 
several transverse cracks developed in the girth and butt-strap welds 
of the first five sections. They appeared soon after welding and before 
the sections were stress-relieved. These cracks usually started in the 
welds and extended into the plate for distances varying from 2 to 18 
inches. In the most severe case, a crack in a butt-strap fillet weld 
extended through the butt strap and 30 inches into the plate. 

Upon investigation it was concluded that the cracks 'vere caused by 
residual stresses, accentuated perhaps by the extreme variations be
tween day and night temperatures prevalent in this locality during 
certain seasons of the year. The reason for the occurrence of these 
transverse fractures is apparent when it is considered that the weld 
scam and the adjacent plate on both sides are made up of thin zones 
or strips parallel to the axis of the weld and parallel to one another, and 
connected together so that they develop high shearing resistance with 
respect to one another at their adjacent surfaces. These strips have 
the propGrty of increasing their volume with increasing temperature 
if they arc free to do so. If they are restrained in one dimension they 
will· satisfy their volume change by movement in the other two 
dimensions. 

Considering now the middle strip of the system, which is in the 
middle of the weld, this strip while being heated due to welding is 
restrained from lengthening by the series of adjaQent cooler strips. 
It therefore accomplishes its volume change in a direction parallel to 
the axis of the cylinder, and also radially in a plane perpendicular to 
the axis of the 'veld. These two movements lead to the deformations 
that take place in the welding of the joint. When the welding is 
partially or completely finished, cooling of the middle strip begins 
and the strip then tends to shorten· and is again restrained by adja
cent strips on either side. This time it cannot develop its negative 
volume change from the other two dimensions without restraint, and 
the strip may fail transversely in the general n1anner of a tensile test 
specimen, resulting in a transverse fracture. 
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To prevent further fractures of this kind, some changes prompted 
by an investigation into the cause and prevention of the cracks, were 
made in the welding procedure and in the care of the pipe after weld
ing and until stress relieving was completed. The new procedures 
were calculated to prevent internal stresses due to the extreme varia
tions between day and night temperatures, and to secure a more uni
form temperature gradient in the pipe shell during and after welding, 
until the pipe could be placed in the stress-relieving furnace. The 
plates, which theretofore had been heated only at the scams as a result 
of the welding, were, in the pipe sections thereafter fabricated, heated 
throughout to a temperature which gradually decreased from that of 
the weld to approximately 110° at the outer edges of the plates. At 
the same time, operations were speeded up so as to stress-relieve the 
sections as soon as possible after welding was completed. These 
changes in procedure prevented any further fractures of this kind. 
The heating was accon1plished by means of butane-gas burners 
ananged in rings placed around the pipe. 

After the cracks 'vere repaired by chipping out and welding, the 
sections were stress-relieved. X-ray pictures were then taken .in 
duplicate at angles of incidence of 60°, this included angle being con
sidered as that which would most positively reveal the presence of 
any defects in the repairs. As these X-rays failed to show any frac
tures or defects, it was concluded that the repaired seams were fully 
a~ strong as the normally welded seams. 

153. Residual Stresses in Section LN-35.-Following the occur
rence of the fracture in section UN-9, as described in section 149, it was 
decided to measure the magnitude of residual stresses that might still 
exist in a completely fabricated 30-foot diameter pipe section, in order 
to determine what influence such stresses might have in causing or 
aggravating fractures. Accordingly, a three-eighth-inch hole was 
drilled in the pipe shell of section LN-35, 18 inches from the edge 
of the butt strap; and a saw-cut was made from the edge of the butt 
strap to the hole, and later extended 6 inches beyond the hole, or to 
a total length of 24 inches. Before making the original sa,v-cut, 
strain-gage points were located in the girth direction on the inside 
and outside of the butt strap and the pipe, as shown in figure 122, 
and an initial set of strain-gage readings was taken and recorded. 
After making the 18-inch cut, and again after making the 6-inch cut, 
another set of strain-gage readings was taken and recorded. From 
the differences between the three sets of readings, the released surface 
stresses were calculated and recorded, as shown graphically in figure 
122. 

The strain gage used to measure the deformations was of the mechan
ical magnification type, with a 5.27 to 1 magnification and a 2-inch 
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gage length, and was fitted with a dial reading directly to 0.0001 inch. 
Before making the saw-cuts the residual hoop stress in the butt strap 
had an uninterrupted path. By making the 24-inch cut, all the resi
dual hoop stresses at locations A, B, C, and D were relieved by path 
interruption, their magnitudes being obtainable from the movements 
of the strain gages. 

The average residual stresses relieved in the girth direction at loca
tions A, B, C, and D for the outer surface were minus 2,017, plus 
5,480, plus 12,835, and minus 7,845 pounds per square inch, respec
tively. The spreading of the saw-cut, which was due to the inter
ruption of the hoop-stress path within the butt strap, set up shearing 
stresses at the end of the cut, location E. These shearing stresses 
produced an average compressive stress of 12,250 pounds per square 
inch on the outer surface and 13,500 pounds per square inch on the 
inner surface, at gage location E. 





CHAPTER VIII-TRANSPORTATION AND 
ERECTION 

INTRODUCTION 

154. General Description.-Moving the pipe sections from the fab
ricating plant, where they were constructed, to their proper places in 
the tunnels and installing them as integral parts of the penstock and 
outlet system presented some difficult and unusual problems in trans
portation and erection, and involved the design and construction of 
special equipment of unusual size and capacity to perform these opera
tions successfully. In this chapter are discussed some of the problems 
of transportation and erection and some of the equipment required. 

As stated in the preceding chapter, the penstock and .outlet system 
is made up of 662 sections having an aggregate weight of .approxi
mately 41,000 tons. The 30-foot penstock and outlet headers consist 
of 222 sections varying in length from 17 feet 3 inches to 23 feet 4 
inches and weighing from about 73 to 186 tons each, the latter value 
being the weight of each of the 30- by 13-foot branch connections of 
the lower units. The 25-foot outlet headers consist of 88 sections 
with lengths varying from about 21 feet to 24 feet 9 inches and weights 
varying from about 40 to 115 tons each. The 13-foot diameter pen
stock pipe included many sections with lengths of 46 feet 8 inches and 
weights of approximately 56 tons. Some of the portable pipe sections 
were most unwieldy. Among those most difficult to handle were the 
six 13- by 9-foot wye connections of the tunnel-plug outlet works, 
which, with the outlet pipes, including the reducers and the flanges 
for connecting to the emergency control gates, were fabricated as 
single units. These wye connections are about 38 feet long with a 
maximum width across the branches of about 25 feet, and weigh 
approximately 60 tons each. 

Completion of the penstock and outlet system involved moving 
the portable pipe sections from the shop to the cableway landing at 
the dam site, lowering them to the landings at the tunnel adits, moving 
them through the adits and then through the tunnels for distances 
as great as 1,800 feet to the locations where they were to be erected, 
and then accurately fitting and firmly connecting each section to the 

247 
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adjoining sections by leakproof joints. The upstream portions of 
the penstock headers are in steeply inclined tunnels, and hoisting 
these sections of 30-foot pipe into place, attaching the first section of 
each header to the cast-steel base of the intake tow·er, and supporting 
the sections until they were embedded in concrete, was a particularly 
difficult feature of the work. 

Within the tunnels, the portable or erection sections of the 13-, 25-, 
and :30-foot pipes are connected by joints of the bell-and-spigot type, 
the bell being formed by a projecting butt strap welded around one 
end of the section. Erection of the pipe involved heating and shrink
ing the bell end of the previously installed section around the plain 
or spigot end of the section being installed, and then securing the 
connection by means of cold-driven pins. Use of the pinned joint, 
shown in figure 41 and described in chapter III, obviated the necessity 
of welding and stress relieving in the tunnels, a factor of considerable 
importance in connection with construction because of the high tem
peratures prevailing in the tunnels during the summer months and 
the consequent difficulty of maintaining satisfactory working con
ditions. The pin holes· as drilled in the shop were made smaller than 
the required size and were then redrilled after each section had been 
moved into its final position in the pipe line. This type of field girth 
joint was used for all pipe having a shell thickness of more than 1 
inch. The pins, as shown in figure 139, varied from 176 to 3}{6 inches 
in nominal diameter and from 2;6 to 6% inches in length, according 
to the thickness of the pipe shell. Each pin was ground to a diameter 
slightly larger than the actual diameter of the pin hole into which it 
was to be driven, so as to make a forced fit. In making the field girth 
joints of the penstock and outlet system, 129,200 pins having an 
aggregate weight of 486.6 tons were used. The joints were made 
secure by cutting in each butt strap an annular groove around the 
outer head of each pin, and forcing the metal on the inside of the 
groove in under the head of the pin, thus securely locking the pin 
in place, see figures 41 and 139. 

The field or erection girth joints connecting the portable sections 
of the 8.5-foot outlet pipes leading to the canyon-wall outlet valves 
of the upper units are of the same type as those specified for the larger 
pipes except that hot-driven rivets instead of cold-driven pins were 
used for making the connections in the tunnels. This type of joint 
was also used in the two 9-foot branch penstoeks of the upper Arizona 
unit which connect with turbines A-8 and A-9. The riveted connec
tion was restricted to pipe having a shell thickness of not over 1 inch, 
a maximum diameter of n~ inches being specified for the rivets. 

Because of the abnormally high forces to which they were exposed 
during erection, the joints connecting the outlet pipes of the upper 
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units to the manifolds terminating the 25.:.foot outlet headers were 
welded in· place and then stress-relieved. This gives a joint of 100 
percent efficiency, whereas the efficiency of the cold-pinned or riveted 
joint is approximately 60 percent. 

It was required in the specifications that all pins and rivets should 
be of material having physical properties at least equal to those of the 
steel plates of the pipe shell; that each pin should be finish-ground so 
that the diameter of the shank should be greater than that of the pin 
hole wherein it was to be used by 0.001 inch per inch of the diameter 
of the pin hole; that all pins and rivets should be so countersunk on 
the inside of the pipe that the heads of pins 1~~ inches or more in diam
eter should be within % inch of the inside surface, and the heads of 
pins or rivets less than n~ inches in diameter should be within ~{6 

inch of the inside surface; that the fabrication of hot-riveted joints 
should be in accordance with the rules for construction of unfired 
pressure vessels of the A. S. ~1. E. Boiler Construction Code; that all 
pinned and riveted girth joints should have an efficiency of not less 
than 60 percent; that the joints should be carefully calked both out
side and inside; and that after completion each joint should be tested 
by being subjected to a hydrostatic pressure equal to one and one-half 
times its n1aximum working head. 

155. General Contract Requirements.-In accordance with the terms 
of the general contra.ct accompanying the specifications, all pipe ma
terials were shipped from the point of manufacture to Boulder City 
at the expense of the Government. The Government was also obli
gated to transport all such pipe materials from Boulder City to the 
pipe fabricating plant at Bechtel, near the dam site, and to move, 
from the fabricating plant to the landing platforms at the entrance 
to the tunnel adits, all pipe sections as fabricated in the plant and 
all the contractor's tools and equipment required for the erection of 
the pipe sections. In addition, all materials supplied by the Gov
ernment, such as paint and enamel, were to be delivered by the Gov
ernment either at the fabricating plant or at the adit landing plat
forms, as required. It was stipulated that in all cases the general 
contractor should do all necessary loading and unloading at the fab
ricating plant and at the adit landing platforms. The contractor on 
the penstock system was to provide suitable storage or other means 
of protection for all fabricated pipe sections, and for all materials and 
supplies. He was also required to move the pipe sections from the 
cableway landings at the construction adits to their proper places in 
the tunnels and erect them. 

156. Sequence of Operations.-The order in which the various 
operations were carried out necessarily was governed by several fac
tors or conditions, particularly the status of the construction work in 
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the tunnels, the size of the tunnels and the tunnel adits, and the di
mensions and weights of the various pipe sections. Of special im
portance was the fact that practieally all pipe sections had to be 
taken through the adits. Erection of the 30-foot penstock headers 
necessarily was started at the upstream ends, where the pipes were 
connected to the cast-steel throat liners of the intake towers, and 
continued downstream to the construction adits. Downstream from 
the adits, aside from the outlet pipes leading to the canyon-wall outlet 
valves of the upper units, which were moved into place from the 
tunnel outlets, all pipe sections were assembled and erected beginning 
with the downstream portion of the outlet manifold and proceeding 
upstream to the adits. 

In conncetion with the assembly and Cl'ection of the penstocks, the 
portable sections of 13-foot pipe for each penstock had to be moved 
into approximate position in the penstock tunnel where they were to 
be installed before continuing the penstock header past that tunnel. 
In placing and erecting the 13-foot diameter penstock sections, work 
proceeded from the powerhouse, where the pipes were firmly anchored 
in place, and progressed to the 30-foot penstock and outlet headers, 
where the closure joints were made. 

In erecting the tunnel-plug outlet manifolds downstream from the 
construction adits of the lower tunnels, slightly different methods 
were followed for the two tunnels because of the different conditions 
encountered. On the Nevada side, where the quality of the rock was 
such that the excavation was completed in one operation, the con
crete in the base of the tunnel plug was placed first, with the top 
surface finished as a series of benches whereon the pipe was assembled 
and erected, beginning at the downstream end of the manifold and 
proceeding upstream. After the pipe had been securely anchored in 
place, it was embedded in concrete by completion of the tunnel plug. 
In the lower Arizona tunnel, however, because of the unsatisfactory 
condition of the rock, the central branch of the manifold, including 
the 13- by 9-foot wye and connecting pipes, was erected and then 
incorporated in a concrete pillar which was extended to the eeiling of 
the excavation to support the rock. Following construction of this 
central supporting pillar, the excavation on each side was completed, 
and the pipe for the outer branches of the outlet manifold was as
sembled and erected in the same order followed in erecting the cen
tral branch. The tunnel plug was then completed, embedding the 
pipe in concrete. 

TRANSPORTATION 

157. Moving Pipe Sections From Shop to Tunnel Adits.-The trans
portation which the Government was obligated to supply, as described 
in section 155, was delegated to the general contractor by an order 
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for changes issued under the contract for the construction of Hoover 
Dam and appurtenant ''rorks. This order, approved October 24, 
1933, provided for the transportation of pipe materials in carload lots 
from Boulder City to the fabricating plant; the transportation from 
the fabricating plant to the unloading platforms at the tunnel adits 
of all fabricated pipe sections and appurtenances, all materials for
nished by the Government, and all· the contractor's tools and equip
ment required in erecting the pipe; and the return of the contractor's 
tools and equipment to the fabricating plant after completion of his 
contract for the construction of the penstock and outlet system. This 
work would involve, on the part of Six Companies, Inc.: (1) The oper
ation to the extent necessary of the Government-owned construction 
railroad from Boulder City to the fabricating plant and to the dam 
site; (2) the construction, operation, and maintenance of a standard
gage railroad spur frmn a connection with the Government construc
tion railroad to the loading station of the permanent 150-ton Govern
rnent cableway; (3) the furnishing, operation, and maintenance of one 
Shay locomotive and equipment as required for usc on the railroad; 
(4) the furnishing, operation, and rnaintcnance of one special convey
ance of approved design and manufacture for safely transporting pipe 
sections from the fabricating plant to the loading station of the per
ma.nent cableway, by highway, or railroad; (5) the operation and 
maintenance of the permanent 150-ton Government cableway; (6) the 
furnishing of a special device for handling the pipe sections by the 
cableway; and (7) the maintenance of the highway bet,veen the 
fabricating plant and the loading station of the cableway. All of the 
equipment and facilities furnished were to become the property of 
the Government on completion of the Six Companies' contract. 

The total payn1ent made to Six Companies, Inc., under the above 
order for changes was $212,952. 

158. Moving Pipe Sections to the Canyon.-For moving the pipe 
sections from the fabricating plant to the cableway l_anding on the 
Nevada rim of the canyon, a specially designed trailer 'vith a capacity 
of 200 tons was provided, see figure 123. This trailer consists essen
tially of a structural-steel framework 38 feet long by 22 feet wide, 
mounted on 16 wheels. The two longitudinal members of the frame 
are 33-inch !-beams. The wheels, 28 inches in diameter and equipped 
with solid rubber tires 14 inches wide, are mounted on eight short, 
pivoted axles, there being two axles under each corner of the frame 
with two wheels on each axle. Two small power units are mounted on 
the chassis, one to operate an air compressor serving the air brakes 
and the other to operate a compressor serving the steering mechanism. 
The trailer was fitted with ru bbcr-lined saddles, adjustable in position 
to fit the curvature of the pipe sections to be hauled. 

819135°--49----18 



252 PENSTOCKS AND OUTLET PIPES 

F I GUU: 123.- SECTIO:i'\ OF 30-FOOT P JPE l3EIKG TRAi'\SPORTED ON 
200-TON TRAILER. 

T"·o ca terp illar tractors provid ed the motive pom'r, and as tho 
road is do,vn grade from the fabricaLin,o· plant Lo the cableway landing, 
one tr actor \ms generally utilized to pull the trailer and the other 
was coupled to the rear end for use in braking and maneuvering the 
trailer into posit ion. Figure 123 shows a straight section of 30-foot 
pipe being moved on the trailer; figme 124 shows a 30-foot diameter 
bend section being transferred from the trailer to the cableway; and 
figure 125 sho\\·s a straigh t section, with a group of engineers and 
offi cials representing the Govemment and the contractors aboard, 
about to be hois ted from Lhe trailer at the cableway landing and 
lowered lo one of tbe tunnel adits in the canyon. 

The trniler was supplied in accordn nce with provisions of an order 
for changes in the contrnct for construction of Hoover Dam, as 
discussed in section 157. It was r egularly used during the construc
tion period for moving heavy machin ery and supplies as well as pipe 
sections, and since then has been retain ed for use in additional con
struction "·ork and in operation and mnin tenance. 

159. Lowering Pipe Sections into the Canyon.- For lowering pipe 
sect ions, as \roll as other hcav,y materials and machinery, from the 
highway c.llld the railroad ou the N eYudtt rim of tlw canyon to the 
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FIGURE 124.- TRA:KSFERRJ::\G A 30-FOOT BEXD FROM TltAILEH TO 
150-TO::\ CABLEWAY. 

landings at the tunnel acliLs and to other points in Lhe canyon, a 
permanent cableway \\' ilh a rated capacity of 150 tons \ras provided 
and installed by the Government, both for usc during construction 
and for operation and maintenance purposes. The cablcway is 
located vertically over the portals of tbe four tunnel nclits, juf"t down
stream from the powerhouse. The cablc \\·ay landing or loading 
point at the highway and railroad on U1e N cncla rim of th'3 canyon 
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FICL" IU~ 125.- HECTIO)." OF 30-FOOT PIPE ABOl"T TO BE LOWERED 
I~TO TilE CA~YOX. 

is at clen1tion 1,262 . The landings n.t the upper and lower tunnel 
aclits on each ide of the river arc at cle,·ations 799 and 673, rcspec
ti ,·ely, and tho unloading pln trorm tlL the po\\"erhouse is at elevation 
673. 

The span of the cabJe,my bel "·een tho llC'ncl lower on one side of 
the c:.:anyon <llld the nnchor on the other is 1,256 feel. The en blcway 
is composed of six :{ 12-incb , G b.v :n lnng-l<t)' cnble of superplow steel 
" ·ith 7 by 19 stc•el "·ire-rope <'en INs, spaced on 1 1 ~-inch cen ler . 
Ench cable bas a lm,aking s lrength of 1.07 million pounds, making 
the total breaking st rength of tlH' C'ablc\\~ay :~.21 0 to11 . Cuder the 
design Jond of 150 lolls, the cables <'Xerl n pull of 2.0 million pounds 
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on each anchorage. The hoist cables and cndlc s rope nrc each of 
1};-inch diameter and operate from the carriage to the hoi Ling drum 
for moving th e load along the cablcway and for low·ering and hoisting . 
The boi ling rope makes a J 6-pn.rt line. Carriage Lra>el speed is 240 
feet per minute, :mel hoisting and lo"·ering speeds arc 120 and 30 feet 
per minute, with inching speeds for both conveying and hoisting. 

Direct current i pro,-idecl by a motor-generator sel. The hoi ting 
machinery is installc-cl in a hoist hou e located bet\Yeen the head to"·er 
and the anchor adjnccnt thereto. This builcliJJg is of native stone 
which blends with lhe rock of the canyon walls. A control house of 
monel metal is suspended O\er the rim of the NeYacla canyon \Yall, 
with control apparatus so arranged thnL control of lo"·ering and hoisL
iDg can be trans.fencd Lo any one of Llle four adiL bmling . Telephone 
communication i pro,-ided between the main control house and any 
of the four a eli t landings, ancl also the boi t hou e. A eros sect ion of 
the cnnyon on th o center line of th e cable"·ay and the adits is shown 
in figure 2. The cableway is further illustrated by figures 124 nnd 
126, the la Lter showing a bend section of 30-foot pipe being carried 
out over th o canyon preparatory to being lowered to one of tho tunnel 
aclits, wi th the dam appearing in th e background. 'l'he cableway and 
appurtenant machinery were suppli ed and installed for the Govern
ment by tho Lidgerwood Co. in accordance willt spccifteat ions issued 
b~r tho Bureau of H.ecbmn lion. 

FIG L"Hl:.: l 2G.- 1:lECTIOK OJ<' 30-FOOT PlPE BEJI\G LOW.EHlm IKTO 
CA.\" YO.\" . 
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For lifting the pipe sections from the trailer and lowering them into 
the canyon, the cablmvay was provided with a special rigging, as 
illustrated in figure 124. This rigging consists of a heavy main girder 
attached at right angles to the fall block, the girder having at each 
end a crescent-shaped cross beam attached by means of swivels. For 
transferring the pipe sections to the adits, two 2?~-ineh woven steel 
cables with eye connections were swung around the pipe section, one 
at either end, and attached to the crescent-shaped beams by means of 
steel pins, thus forming a sling. To prevent lateral movement or 
swinging ·while lowering, two anchor cables were run from the ends of 
the main girder to. the ends of the section and fastened with clamps. 
The pipe section, ha.ving been previously or·ien ted in an upstream and 
downstream direction by maneuvering the tm iler, and rigged or at
tached to the cablmvay as just described, was lifted from the traih\r, 
moved out over the canyon, and lowered to the landing at the adit of 
the tunnel wherein the section was to be installed. 

160. Moving Pipe Sections into the Tunnels.-1~/loving the pipe sec
tions from the landings at the tunnel adits to their places in the 
tunnels involved hauling them through the adits, which vary 
approximately in length from 140 to 365 feet, and then into the tunnels 
for distances ranging up,vard to about 1,800 feet. Because of the 
great size and weight of many of the sections and the limited working 
space within the tunnels, this task was no inconsiderable part of the 
construction program. This portion of the wod< was delegated by the 
contractor on pipe fabrication to the Eichleay Engineering Corp. of 
Pittsburgh, Pa., who supplied all the necessary tools and equipment 
and moved the pipe sections to within 1 foot of their final locations, in 
accordance with the terms of a subcontract. 

Since the adits intE-)rsect the tunnels at right angles and space 
limitations at the intersection made it impracticable to install a 
turntable, to provide a curve in the track, or to shift or reload a pipe 
section from one car to another, a two-car combination or a car on a 
car, as shown in figures 127 and 128, was used for moving sections of 
the 30- and 25-foot headers from the adit landings to their approx
imate final locations. It had been the intention of the Bureau to 
adopt this plan had the Government done this part of the work, as at 
one time tentatively contemplated, and with this in view the floors of 
the adits had been made approximately 2 feet lower than the floors 
of the tunnels at the intersections. 

The lower or adit car of the two-car combination was used only in 
the adit, and could be moved back and forth on a 19-foot gage track 
built on the adit floor. Supported on the adit car and at right angles 
to it was a section of track of the same type and gage as the tracks in 
the header tunnels, and on this section of track was the tunnel car 
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F 1GURE 127.- LOWElUNG Pl PB SBCTION ONTO 'OMJ311\ATIO:'\ 
ADIT AND T UN:KEL CAR. 
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whereon the pipe section wa loaded , '1'1-itb its longitudinal axis at right 
angles to the adit track, or parallel to the crnter line of the header 
tunnel. When tl1c combination car was moved into position at the 
intersection of llH' ad it :mel tm111cl the portable ection of track on the 
nclit car coincid('d ,,-ith the lumwl track, so that the turuwl car beari11g 
the pipe section could lJl' moYCd in either direction in the tmmel Lo th r 
n'q u i reel sla lion. 

FlGT;RE J2x.- CCL\JBTXATlOX ADlT AXD TU.t\r.:EL CAH., OR CAH.-OK
A-C.-\H. 

Both cars "·ere builL oJ struclurnl ~lt·c•l, nnd cuch ,,·as mou11ted on 
two trucks of four ,,-heels each . In order to con l'LTC space, tlH' 
tunnel car, in tran ,-erse section, ,,·as built to conform to the arc oJ 
a ·irclc; and it was o made that ,,·ithin certain limits the pipe section 
could be moved laterally or ,-ert ically or rotated on its ·horizontal 
axis, in order to facilitate ere ·Lion. In the upper aclits, ·which arc on 
a practically level grade the acht car wa propelled by a reversible 
motor-driven hoist mounted on the car, \\'ith the drum -attached to a. 
hoi t cable ancborcd at each end of tbc aclit. In ll1c lower aclit , 
which arc on a clcscc·nding gralle to,,·ard the h eader tunnels, the hoiRL 
cable "·as ancho red at the portal of tht' aclit, and the car, provided \Yitlt 
suitable brake'', wa let clown the inclined adit track lo lhe tunnel or 
reeled back lo the aditlancling by the OJ)('ration of the motor-drinn 
hoi t mount ed on the car. The tunnel car ,,-as pulled by mran of 
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cables a llacbrd to a motor-clrinn h oist installed at r ill1 er end of 
the line of traYel. 

The general Jrnlmrs of the construe· lion of the tunnel car may b e 
seen in figure 129. F igurr 127 ho,,·s a 30-foot d iameter bend s<'d ion 
and figure 130 sho\Y a 30-foot diameter s lrnigl1l srr tion being lo\\' red 
onto the combination ntlit and tunnel car at an adillanding. 

FTCl'HE 129.-SECTJO~ OF 30-FOOT PJPE BEH\G l\10\'ED OX TUXl\ E L 
CAR. 

161. Hoisting Pipe Sections in Inclined Tunnels.- Pipe cctions for 
the up trcam portions of lhe l\\'O lower penstock hcaclt'rs haLl lo be 
hoisted from the 50-fooL diversion tunnels through lhe 37-foot in
clined tunnels, each of the lalLer having one vertical and one combina
tion vertical and horizontal curve, as shown in figmcs 10 an l 11. 
These inclined tunnels are on slope of 52°10' and 37°22' for the 
Arizona and N evacla s ide , respecti-vely. The first section of each of 
the lo\\·er penstock header had to b e hois ted a vertical distan ce of 
237 feet (sec figures 131 t.o 133, inclusive), and connected to a cast- tecl 
throat liner in the base of each :intake tower. The first section of 
each of Lhe upper pens tock h eaders had to be hois ted a vertical 
distance of 70 feet, tlu·ough both vertical and horizon tal curves. 

To hois t th e 30-foot diameter pipe se ·lions into place in the inclined 
portion of the tunnels, three singh', 4 -inch drum hoists \Yerc used , 
each hois t being dri,·cn by a :35-horsl'power , Ynrinhlc-sp<'C'd motor \\'ilh 
a 60:1 \\·aler-cool<'d , pt'ed r educer. Th e hoi ls " ·ere installed on a 
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IcJGUJW 130.- A SECTIOX OF HEADEH PIPE AT PORTAL OF ADlT. 

s tru ctural-steel bed plate whieh \\' llS supported by heavy tecl girders 
spanning Lhe 30-fooL circular opening in Lhe base of the intake lower. 
To provide closer con lrol an<l greater force than could be obtained 
from the hoists, hydnwlic jacks were ins talled between the bed plttU• 
and th e supporting ginlers. By operation of the jacks, it \\"US possible 
to secure a tigb t metal-to-molal contact between the pipe sections. 

A H~-inch cable "~as carried from the drum of each hoist around a 
sheave fastened to the section Lobe raised , and anchored back to the 
gi rders at the ba c of th e iJJtakc lower, thus providing Lhree two-parL 
line for hoi ling. The pipe section wa carried part way up the 
incline on Lhc tunnel car, \\·hicb was equipped with rubber-tired 
wheels for runni11g on tbc t unnel liJLing. 'TI1cn the car reached a 
point at whieh Lhe cables became ufficic•ntly inclined as to lifL it oil' 
the tunnel Door, the pipe section was removed from the car and 



TRA SPORTATTON A D ERECTION 261 

hois ted direelly into posit ion hy means of the hois ts and hydrnulic 
jacks in Lhc intake lo\\·er. It required nboul 12 hours to hoi t. a 
section of pipe from one of lhe lo \YCr lnnucls to tb c base of Llte intake 
tO\Yer. 

FIGLi H.E 131.- HOlSTi r\G SEC'flOX OF 30-FOOT PIPE IX IKCLI KED 
TCX:\ J.:L. 

View Downstream From Near Borrom of Lower Arizona Inc! ined Tunnel. 
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FIGURE 132.-METHOD OF ASSEMBLING PIPE SECTIONS IN 
INCLINED TUNNELS. 

After each pipe section had been moved into final position and 
centered within the tunnel, it was held in place by eight equally spaced 
structural-steel struts welded to the stiffener rings and by temporary 
construction pins at the girth joints, which provided support until 
erection was completed. After the first three sections of each header 
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were erected, they were embedded in concrete to provide additional 
anchorage and support for the othe.r sections. The remaining sections 
of the inclined portions of the headers were then erected, and following 
erection, were embedded in concrete at one operation, as described in 
chapter V. 

162. Transportation of Penstock and Outlet Pipes.-For-the most 
part, all portable sections of pipe 13 feet or less in diameter were 
hauled from the fabricating plant to the cableway landing on flatcars 
by way of the Government construction railroad. They were then 
lowered to the adit landings by the cableway. 

For moving the 13-foot diameter pip~ sections from the adit landings 
to their places in the 18-foot penstock tunnels, a third car was added 
to the two-car combination used for moving the 30- and 25-foot dia
meter pipe sections, described in section 160. This third or penstock 
car 'vas placed on a section of track installed on the tunnel car in such 
a manner that when the tunnel car was brought into proper position 
at the head of a penstock tunnel, the penstock car with the section 
of pipe was properly oriented for moving into the penstock tunnel. 
The penstock car was of much hghter construction than the adit and 
main tunnel cars and was mounted on rubber-tired wheels which 
rolled directly on the concrete tunnel lining, these smaller tunnels 
having no tracks. The car was moved by means of hoists in much the 
same manner as the other two cars already described. 

The first sections of pipe to be moved into position within the 
tunnels were those of the 8.5-foot outlet pipes of the upper units. The 
downstream sections of these outlets, after being lowered to the adit 
landings, were moved directly to the canyon-wall valve house sites by 
way of the connecting roadw·ays, and thence into the tunnels 'vhich had 
been excavated inwardly from the valve house sites. Skids and rollers 
were used for moving these sections. After the downstream section 
of each outlet pipe had been securely anchored in place at the valv 
house site, erection proceeded in an upstream direction to the outlet 
manifold. 

ERECTION OF PIPE SECTIONS 

163. Summary of Operations.-The erection of a pipe section, after 
it had been moved from the field fabricating shop to its place in one 
of the tunnels, involved the following operations which will be describ

. eel in the order given: (1) assembling and shrinking; (2) drilling and 
countersinking; (3) broaching and pinning; (4) trepanning; (5) pin 
calking; and (6) butt-strap calking. 

164. Assembling Rigs.-The assembling rig used in the erection of 
the 30- and 25-foot pipe, sec figure 134, consisted essentially of a 
main longitudinal shaft whereon were mounted three cireular expand-
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ing piders, the t \\~0 nenn•st t llC' rear cncl of the sha ft for upporting 
tl1 e rig and ancboring it in the pipl' scdion last PredPcl , and the one 
at the fonnml end for atlaehing to Lhc pipr sl'dion bl'ing en•clcd and 
mo,ing iL into its fin al posit ion in t hP pipt' linl'. 

The ll afL consi ted of a 20-fooL lPngLh of 40-inch diameter heavy 
Btccl pipr. Tho hub of the front spider l1 acl a sliding fit on a bronze 
I) U bing moLmted on the forward end of the shaft, so that thi picler 
could be moved along the shaft for a distance of about 4 fret. Tho 
othc•r spiclc•rs, one at tlle rear and the other at t he midcll of tho 
shaft \H re rigidly connrctecl to the shaft and were t ied together by 
a. fram e ,,~ork of long itud inal and diagonal bracing to provide necessary 
trengLh and rigidity in the stru cture. Equally spaced around tbo 

periphery of this framework and mounted longitudinally were eigh t 
hydraulic cylinders, each having a. 7-inch bore, a 36-im·h stroke, and a 
capacity of 40 tons, for clra\\-ing the adjo ining pipe sections together. 
The motor-driven, bigh-pressure pump for operating the hydrauli c 
cylinder , as well as the hydrauli c extension jacks of the middle spider , 
\\·a mounted " -itlrin the frame\\'Ork, above t he mai11 shaft. 

Each of Lbr spiders con isted of lG structural-steel H-bl•am equally 
spaced and ex tending radially from the ccnLral hub to which they ''rere 
,,-c]cJ eel , with steel In· aces welded between the radial arms. The arm 
of the spiders were extensible by means of jacks rigidly a ttached to 

13-L- .\ S 'Ei\IBLI~C: HIG J~ L~PPEH, .KJ-: \· .\lH 
BRAXCH CO.;\XECTIOX. 
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the outer ends of the H-beams. The extension jacks of the rear 
spider were of the screw type with a capacity of 25 tons each; those 
of the middle spider were of the double-acting hydraulic type with a 
capa.city of 40 tons each; and those of the front or movable spider 
were of the ratchet type with a capacity of 35 tons each. When not 
in actual operation, with the extension jacks of the spider arms re
tracted, the assembling rig was supported by wheels mounted on the 
lower H-beam arms of the spiders so that the rig could be easily 
moved to any desired location by attaching a cable from a convenient
ly located hoist. 

The assembling rigs for the 13- and 8.5-foot pipe, except for their 
smaller size and weight, were substantially similar in principal fea
tures to those used for the 30- and 25-foot pipe. 

165. Assembling and Shrink-Fitting Pipe Sections.-As required by 
the specifications, the car used for moving pipe sections in the tunnels 
was so constructed that the sections could be moved in a vertical or 
lateral direction, or rotated about a horizontal axis. After being 
brought as nearly into position as possible with the tunnel car, each 
section had to be moved forward along the axis of the pipe line for a 
distance equal to the gap of about 12 inches, left between sections to 
facilitate installation of assembling equipment, plus the width of the 
butt strap on the joint to be made. 

The first step in moving a pipe section into its final place in the pipe 
line was the installation of the assembling rig. The rig was moved 
into position, and the two fixed spiders accurately centered in the 
last section erected and anchored therein. The shaft of the rig was 
then parallel with the horizontal axis of the completed pipe line, with 
that part of the shaft carrying the movable spider extending into the 
section to be erected. For accurately alining and centering a pipe 
section as it was being drawn forward into place, alinement bars, each 
with two projecting tines which centered corresponding girth-joint 
pin holes of the two sections by engaging specially made construction 
pins temporarily placed in several corresponding pin holes of the two 
sections, were temporarily installed in the erected section as the assem
bling rig was being set up. There were eight of these bars, equally 
spaced around the inside circumference of the pipe and securely held 
in place by the construction pins in the erected section and by the 
pressure of the jacks of the alternate arms of the middle spider. 

After the alinement bars had been placed, the intermediate arms 
of the middle spider and the arms of the upstream spider were ex
panded against the shell of the erected section. Eight drawbars con
necting with the hydraulic cylinders were next attached to construc
tion pins equally spaced around the forward end of the section being 
erected. The arms of the movable spider were then expanded against 
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the shell plate of the section; and anchor rods were installed, connect
ing the hydraulic cylinders to construction pills in the last assembled 
girth joint. 

While the assembling rig was being set up, a heating ring was set 
in place on the outside of the butt strap of the last section erected. 
For the 30-foot pipe this ring was 32 feet in diameter and consisted 
essentially of two rings of 2-inch pipe spaced 8 inches apart, each 
having bunsen-type burners at 10-inch intervals, the burners of the 
two rings being staggered and so arranged as to direct their flames 
toward the butt strap. Butane gas was used, and the gas drums 
were connected through a manifold with a 1,500-c. f. m. heat exchanger 
consisting principally of a heating coil to prevent freezing of the gas 
after it passed the expansion valve and a regulating valve for the 
admission of compressed air into the supply lines connecting with 
the heating ring. . 

When all was in readiness, the gas burners were lighted and the 
flames caused to impinge against the butt strap. In order to expand 
the butt strap sufficiently so that the spigot end of the section being 
ereeted could be drawn forward into place, it was necessary to heat 
the butt strap to about 800° F. When the butt strap had been suffi
ciently expanded, pressure was applied by means of the hydraulic 
cylinders and the section being installed was drawn forward until 
there was metal-to-metal contact between the sh(~lls of the two sections 
at the field girth joint. Case-hardened construction pins were then 
driven into a sufficient number of pin holes of the joints to hold the 
section being erected firmly in place until completion of the connec
tion by means of cold pinning. The extension jacks of the spiders 
were retracted and all assembling equipment was moved to the next 
joint to be erected. 

All portable sections of 30- and 25-foot pipe in the horizontal 
tunnels were assembled and shrunk-fitted in the manner just described. 
As they were being drawn forward into place by means of the 
hydraulic cylinders, each section rested on the tunnel car and was 
also partially supported by the piers through the supporting brackets 
and by the erecting rig itself. In the steeply inclined tunnels the 
work was more difficult, since the equipment had to be suspended by 
cables from the bases of the intake towers and the pipe had to be 
supported until the tunnels could be backfilled with concrete. For 
much of the assembling and shrink-fitting work in the curved portions 
of the inclined tunnels, where the regular erecting equipment could 
not be used, the sections were drawn forward and upward, after ex
panding the butt strap, by means of hydraulic hoists with cables 
attached to the downstream end of the section being erected. 
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166. Drilling and Countersinking.-As a part of the fabricating 
program in the shop, all pin holes for field joints in the 25- and 30-
foot pipe were pilot-drilled to a diameter of five-sixteenths of an inch 
less than the nominal diameter of the pins to be used. After the 
sections were assembled and shrunk together in the tunnels, the pilot 
holes were redrilled to a diameter of one thirty-second of an inch 
less than the nominal diameter of the pins. 

The drilling rig used in the tunnels was made up of two 12-point 
expanding spiders spaced 8 feet apart and braced and tied together in 
much the same manner as the assembling rig previously described. 
These spiders were mounted on and welded to a central shaft 13~6 
inches in diameter which extended 4 feet beyond the downstream 
spider. On the extension of the shaft was mounted the operating 
arm which carried the drilling units. The jacks terminating the 
arms of each of the two spiders were of the ratchet type with a capac
ity of 25 tons each. 

The motor and other mechanism for rotating t-.he operating arm 
were mounted in the lower part of the frameworL between the two 
spiders. The operating arm was of the box-column type made of 
two 15-inch channels spaced 18 inches back to back with a half-inch 
cover plate on each side. On each end of the arm was a bedplate 
supporting a 15-horsepower gear-in-the-head motor with a drill having 
a speed of 68 revolutions per minute. Swinging platforms were also 
provided at each end of the arm for the operators. The opt~rating 
arm, in addition to its rotating movement, could be moved back 
and forth on the supporting shaft through a distance of 10 inches by 
a hand-operated wormgear. At each end of the operating arm, for 
the purpose of holding it securely in place while the drills were being 
operated, were two jacks which were expanded against the pipe shell. 

The two drills, one at either end of the operating arm, were so 
mounted as to operate in parallel circles spaced at the required distance 
and also to stagger the holes of the two circles. In this way two 
holes were drilled at a time, one in each circle, so that in one revolu
tion of the operating arm all pinholes of one joint were drilled. Com
bination drills and countersinking tools were used so that both the 
drilling and countersinking operations were accomplished at the same 
time. 

The first step in setting up the drilling rig was to bring it accurately 
into position at the girth joint so that the central shaft was parallel 
to the horizontal axis of the pipe and each drill coincided with its 
respective drill-hole circle throughout a complete revolution of the 
operating arm. When the rig had been properly set and the jacks 
expanded so as to hold it securely in place, the first holes were drilled 
and cotmtersunk, one in each circle, at opposite ends of the arm. The 
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operating arm was then rota ted one pitch dis tance and the next two 
holes were drilled, the process being repeated until the arm had made 
one revolution and nll holes in the joint had bec11 drilled and countl'r
sunk. The jacks of the two spiclcrs were then retracted, lo,n·ring 
the rig onto it four-wheeled carriage by " ·bich it \Yas moved fon,·arcl 
along the pipe to the next field girth joint . 

167. Broaching and Pinning.- The general tructuml ft' ature of the 
broaching-and-pinning rig, hown in figure 135 were imilar to those 
of the drilling rig. Two type of this rig wer used, varying somewhat 
in the con Lruelion of th o operating arm and the equipment mounted 
on th e arm. In tho first rig constructed thCL'e " ·a only one broaching 
cylinder, mou11tecl on one end of the operating nrm, n·itb a drilling 

FlC:l · l ~ l ·: 1:3.) . BIWACHJ:\C: -.\:\D-PI:\:\1:\(1 1{1(: 1\" l .PPEH :\1·: \'AD:\ 
JII·:AD I·: H. 

unit mounted on the other end of the arm for the purpose of drilling 
out construction pin and doing uch other miscellaneous drillitw 
work as might be required. In later ty pe of the rig, tnTo broaching 
cylinders ,,·ere used, on e mounted on either end of the rotating arm, 
and other means \Yere provided for removi11g construction pin . 

The broaching cylinders were of the double-acting hydraulic type, 
with a diameter of 12 inches, a 40-inch troko, 4-inch piston rod, and 
a capaciLy of 50 tons. They wore operated by a 20-horsopower, 
geared-in-lhe-b C'acl motor, direc t-connected Loa high-pressure, conLri(
ugal oil pump \\·bich \\Tas moun Led. in the framework bet ween the 
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two spiders. The broaching rig was lined up ready for operation in 
the same manner as the drming rig. 

Four men were requir~d for the broaching operation, two to operate 
the hydraulic cylinders inside the pipe and two helpers to insert and 
withdraw the broaches outside the pipe. The one sixty-fourth of an 
inch of metal that had to be removed to enlarge the holes to the nom
inal size of the pins required the use of two broaches, a roughing 
broach and a finishing broach. The first operation in the process of 
bro:;,ching was the insertion, by one of the helpers, of the shank of the 
roughing broach through the hole to be broached. One of the operators 
attached the broach to the plunger of the hydraulic cylinder, and 
operated the cylinder so as to draw the broach completely through 
the hole. After thoroughly cleaning the broach, the action of the 
cylinder was reversed, pushing the broach back through the hole to 
the outside of the pipe. The roughing broach \vas then removed, 
and the finishing broach was installed and used in the same manner 
as the roughing broach, thus completing the operation, with the hole 
equal in diameter to the nominal diameter of the pin to be used. 

The pins were carefully ground in lots for each joint, using as a 
reference gage for each lot the finishing broach which was to be used 
at that joint. To insure tight contact between the pipe shell and the 
body of the pin, all pins were made larger in diameter than the hole 
in which they were to be used, by an amount equal to 0.001 inch per 
inch of the nominal diameter of the pin. A groove was cut in the 
pin at the junction of the straight body and the tapered inside head 
to insure perfect contact between the head and the countersunk 
portion of the hole on the inside of the pipe shell. The outer head 
of the pin, or that portion of the pin protruding through the two 
plates on the outside of the pipe, was made one thirty-second of an 
inch smaller than the nominal diameter of the pin, thus providing 
clearance enough to enable the operator to start the pin through the 
plate without difficulty. 

After thoroughly cleaning the pinhole, the operator inserted a pin, 
and by operating the hydraulic cylinder as a, pushing machine, forced 
the pin through the hole until it was firmly seated. This required 
an average pressure of about 25 tons. After performing this series 
of operations for each hole in turn completely around the pipe, the 
extension jacks of the rig were retracted, and the rig moved along to 
the next joint. 

168. Trepanning.-The trepanning operation, see figure 136, in
volved cutting an annular groove one-quarter of an inch wide around 
the head of each girth-joint pin, on the outside surface of the butt 
strap. The depth of this groove varied from three-eighths of an inch 
for the 11~-inch pins to a little over three-quarters of an inch for the 
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3}{6-lnch pins. The distance from the inside edge of the groove to 
~e pin varied from one-quarter inch for the smallest pins to about 

one-half inch for the largest pins. The purpose of the groove was 
to provide, around the head of the pin, a circular lip of metal which 
could be forced under the head in o!·der to lock the pin firmly in place. 
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The trepanning machine consisted of a motor-operated spindle. 
driven through a series of speed-reducing gears. The machine was 
mounted on a four-wheel carriage which could be moved around the 
periphery of the pipe, the spindle always being in a position normal to 
the pipe shell. Provision was made for moving the spindle and its 
operating mechanism laterally ac~oss the carriage and clamping them 
in position to operate on both ro,vs of pins comprising the joint. The 
carriage was so mounted that two wheels rode on each side of the butt 
strap, bearing against the pipe shell and bearing against the sides of 
the butt strap so as to prevent lateral motion of the carriage during 
operation of the cutting tool. Slip collars were mounted on the axle 
shafts so that the distance between pairs of wheels could be adjusted 
for various widths of butt strap. 

The trepanning machine moved around the periphery of the pipe 
on an endless chain which passed over idlers on the carriage. l\1eans 
were provided with this chain to hold the wheels of the carriage firmly 
against the pipe shell in any position around the pipe and also to 
anchor the carriage in any desired location. The cutting tool was a 
hollow milling cutter with a guide on the inside which fitted over the 
head of the pin, thus keeping the trepanned groove concentric with 
the pin at all times. This concentricity was essential in order that 
the width of the lip should be the same throughout. By moving the 
machine back and forth across the carriage from one row of pins to 
the other, as the machine progressed around the pipe, all trepanning 
for the joint was completed in one 2omplete revolution. 

169. Pin Calking.-Calking the girth-joint pins involved forcing 
the annular lip of metal left by the trepanning machine under the 
head of the pin. The pin-calking machine consisted of a pair of air 
hammers mounted rigidly in a frame in such a position that when the 
calking tools were inserted in the sockets of the air hammers, they 
were diametrically opposite, and a distance apart equal to the di
ameter of the annular trepanning groove in which they were to be 
used. The frame was constructed and mounted in such a way that 
it could be revolved by hand about the axis of the pin. 

The carriage of the calking machine was similar to that of the tre
panning machine, having four wheels, two traveling on each side of 
the butt strap and adjustable for different widths. It was also held 
in place against the pipe shell by means of an endless chain passing 
around the pipe. The transverse motion of the calking machine with 
respect to the carriage was provided for in a manner similar to that 
described for the trepanning machine so that it could be moved to 
either row of pins and anchored in place. 

The calking was done by starting the tools of the two opposing air 
hammers in the trepanned groov~, and, at the same time, rotating 
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the machine about the axis of the pin until the lip of metal had been 
forced under the head and against the tapered shank of the pin 
throughout its circumference. By moving the machine back and 
forth across the carriage from one row of pins to the other, as the 
machine progressed around the pipe, all of the pins in the joint were 
calked in one complete revolution. 

170. Butt-Strap Calking.-In the fabricating shop the free edge of 
each butt strap was machined to form a beveled calking edge which 
could be forced against the pipe shell of the adjoining section to prevent 
leakage. The butt-strap calking machine consisted of an air hammer 
mounted on a carriage at an angle of about 30° with the axis of the 
pipe. This carriage was held against the pipe shell by an endless 
chain in the same manner as were those of the trepanning and pin
calking. machines. The arrangement of wheels, however, was some
what different in that those on the side of the carriage opposite the 
air hammer were mounted at an angle instead of normal to the pipe 
shell, and rode on the edge of the butt strap. The purpose of this 
arrangement was to cause the bearing force of the wheels to act in a 
direction opposite to that of the tluust of the hammer while it was in 
operation. 

The frame carrying the hammer \vas mounted radially in a fixed 
position on the carriage, since, in the case of a standard joint, only 
one edge of the butt strap required calking and no lateral motion of 
the air hammer with respect to the carriage was required. The tool 
used for this operation was the conventional type of blunt-nosed 
calking tool. 

'Vith the calking tool in place against the beveled edge of the butt 
strap, the machine was revolved slowly around the pipe while the 
calking edge of the butt strap was brought firmly in contact with the 
pipe shell throughout its periphery. While the butt strap was being 
calked on the outside of the joint, the abutting ends of the pipe 
inside of the joint were being calked with air hammers, as were also 
the edges of the plates around the inner heads of the pins. 

171. Erection of Penstocks.-In erecting the penstocks, all of which 
are 13 feet in diameter except for two short 9-foot diameter branches 
at the lower end of penstock 8 of the upper Ari;r,ona unit, the regular 
procedure was to place all portable sections of each penstock in their 
approximate places in the tunnels, then begin erection by accurately 
placing and securely anchoring the downstream section which was 
flanged for connection with the butterfly valve at the powerhouse, 
thereafter continuing upstream to the 30- by 13-foot branch connec
tion of the penstock header. A closure joint was left for prestressing 
purposes just downstrean1 from u.nehor 2 ncar the upstream end of 
each penstock, and a closure or slip joint was left at the upstream end 
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for subsequently connecting the penstock to the 30- by 13-foot branch 
eonnection as indicated in figures 8 to 11, inclusive. Both of these 
closure joints in each penstock are butt-strap joints consisting of 
wide butt straps which were pin-connected to both the adjacent pipe 
sections in making final closure of the penstocks. They are described 
in the following chapter. 

Aside from the field girth joints of the 9-foot branches of upper 
Arizona penstock number 8, which were riveted, and the girth joint 
connecting the 13- by 9-foot wye and the adjacent upstream section 
in the same penstock, which was shop-welded, all field girth joints of 
the penstocks are of the same type as those of the 30- and 25-foot 
headers; namely, bell-and-spigot joints, the butt strap being shop
welded to the upstream section and field-connected to the adjacent 
downstream section by cold pinning. The holes for the girth-joint 
pins in the 13-foot pipe, however, were drilled in the tunnels after the 
pipe had been assembled and shrunk-fitted, whereas the holes in the 
larger pipe were first drilled undersize in the shop. The field connec
tion of each pcm;tock girth joint consists of two circumferential rows 
of 112 pins each, the rows being spaced at 3 inches and the pins 
staggered. For details see figure 139. 

Except for the drilling rig,· which was provided with an indexing 
device for equally spacing the 112 holes in each pin circle, the equip
ment used in erecting the 13-foot pipe of the penstocks, including the 
assembling rig, the broaching-and-pinning rig, and the trepanning and 
calking maehines, was substantially similar in all essential particulars 
to the equipment used in erecting the 30- and 25-foot pipe; and the 
methods and procedure were generally much the same. For this 
reason further description is deemed unnecessary. 

172. Erection of Outlet Pipes.-The first outlet pipes to be erected 
were the 8.5-foot pipes terminating in the canyon-wall outlet works 
of the upper penstock and outlet units. These were fabricated in the 
shop in sections generally 35 feet long, each consisting of three primary 
lengths of pipe connected with shop-made butt-welded seams. The 
field girth joints connecting the portable sections arc of the bell-and
spigot type, the bell consisting of the projecting butt strap shop
welded to the downstream end of the section. The field connec
tion of the girth joint consists of two circumferential rows of hot
driven rivets, instead of cold-driven pins as were used for the 
larger sizes of pipe. The outlet pipes of the upper units are connected 
to the outlet manifolds by field-welded girth joints. The comparative
ly short outlet pipes of the tunnel-plug outlet works of the lower 
units, see figures 137 and 138, which are 7.21 feet in diameter, were 
fabricated in the shop in connection with the 13- by 9-foot wyes and 
reducers, 'vith all seams butt-welded. 
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FlGl.JlW 137.- T UKJ\' EL-PLUG OUTLET MANIFOLD DURING 
COXSTRGCTIOK. 

View Shows 25- by 13-Foot 3-Way Junction and Two 13- by 9-Foot Wyes. 
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The work of assembling and shrink fitting the outlet pipes of the 
upper units was begun at the ou t.let end, by accuraLely placing and 
securely anchoring Lhe downstream flanged section, and continued 
upstream to the manifold. For alining and centering the other sec
tions, an assembling rig, similar to that used for Lhe larger pipe but 
of lighter construction, was employed. This rig consisted of three 
8-point spiders with arms made of 4-inch extra heavy pipe, each ter
minating in ratchet jacks of 15 Lons capacity. After the butt s traps 
had been henled , the sections ,,-ere dTa,,-n into place by men,n of four 
dra,,·bars, each attached Loa 50-ton mtchct jack mounted in a frame
work built in the downstream flanged eclion. 

All drilling for the field gi rth joints of the 8.5-foot outlet pipes was 
done aft er the sections had been assembled and shrunk-fitted. A 
leel template, bolted in place, ,,·as u eel for accurately pacing the 

rivet holes. All rivet holes were drill cl and countersunk with a drill
ing rig similar to ll1e one used for the larger pipe, u ing a combination 
drill and counter inking tool. All field girth joints of lbe 8.5-foot 
outlet pipes were riveted \\·ith two rows of rivets in accordance with 
details sho,,·n in figure 139. ·while drilling ''"a in progress and before 
the pulling jacks has been released , a sufficient number of construction 
pins were temporarily instnllecl to ccurcly hold Lhe sections in place. 
The riYet are of the bultonllcacllype, clriYen from the outside. They 
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FIGURE 13 .- Tl KNEL-PLl.-G Ol"'I' LET PIPE' I:-\ PLACE READY FOR 
COX CRETE BAC !\:FILL. 

were countersunk: with the usual numher 80 riveting hammer bucked
up on the bullonheacls out ide " ·ith an air jam held in place hy a 
segmen Lal ring of %- by 6-inch pla le boiLed around the pipe. After 
riveLing was completed, the bull traps " ·ere calked with an air ham
mer equipped with a blunt-nosed calking tool. 

173. Field- Welded Girth Joints.- For connecting the .5-foot outlet 
pipes of the upper units to the manifolds terminating the 25-foot out
let headers field-welded girth joint ,,·ere u:--ed . The \H'ld ing groons 
for these joints " ·ere so m<Hle that practicnlly all welding could be 
done in a dowmn1.rd direction, the upper half of Lhe " ·cld being made 
from tile outside and the lower half from the in ide of the pipe. 

After " ·elding was completed, the joint ,,·ere stress-relieYc<.l. To 
accomplish Lhi required the con truclion of an 1 - by 24:-inch fire
brick-lined combustion chamber straddling tile ,,·elcl and encircling 
the pipe on the outside, in which bunsen burners using butane ga 
were in tailed. The inside of the pipe at the joint was encircled b~- a 
similar ch amhN " ·hich \\"a u ed only a an in, ulalor. To check the 
temperal ure, , four thermocouple - 'n' re u ~ ccl in the combustion chamber 
at the quarter points of each joint , and readings " ·ere taken at 15-
m i nulc in t e n ·nl · on a pot cnt iomc Lor until Ll1e operation ,,·a. com plc ted . 
The temp rat ure ,,·as slo'd~r brought up lo J , I 00 ° F. and held Lhere 
for 15 minutes for enry CJLI<lrlcr-inc!J of metal thickness, after whi('h 



TYPICAL PINNED FIELD GIRTH JOINT 

VARIABLE DIMENSIONS FOR PINNED GIRTH JOINTS (INCHES) 
A B C 

Nom.Oio 01o. 01o F G 

t--3--.';;--~ -+2_.5_o5 3-ij- 13* 4-ii- 5i 3-ij
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1.109 1.021 766 .508 278J704 ~ {-
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VARIABLE DIMENSIONS FOR RIVETED GIRTH JOINTS (INCHES) 
z y 
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t-'- In t% l 6~ II. 2~ t!!. 25 .487 I 

r----f-- r---#- 8 . 8 fl- 4 
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TYPICAL RIVETED FIELD GIRTH JOINT 
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30.0 

30.0 
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30.0 

t----
30.0 
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25.0 

25.0 
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25.0 

13.0 

\3.0 

TYPICAL EFFICIENCIES- PINNED GIRTH JOINTS 
Plate I Mean P1n Dio.,in. P1ns Mean Plate Area Area of Efficien"-1_ 

Th1c
1
knness, CirCum., Per P'.'ch, Toto\, MinNet, 

2 Holes Plate Pins 

(T) 1n. Nom. Max. Min. Row 1 n. "o"sq.1n. "b''sq in 
(M1n.01o.l, (M1n ), (Min.), 
"c"sq.tn. b/o C/O 

2* 1139.61 3~ 3.072 5 3.0625 136 8.3 795 23.044 14.308 14.732 .6209 .6393 

2 -~ 1137.65 3iG 3.0725 3.03125 136 8.3651 17.776 10.961 14.4 3 3 .6166 .8120 

2~ 1137.46 2~ 2.6340 2 625 136 8.3636 17.250 11.5 74 10.824 .6709 .6274 

~-a 2 -~-
--· 

14.0.99 1136.28 2.6340 2.59375 136 8.3550 9.410 10.568 .66 75 .7495 

2-~ 2.6340 2.625 128 7.4199 10.824 10.824 .6308 .6308 949.74 17.158 

2-;f ;91\9.55 2i- 2.6340 2.59375 128 7.418 3 16.691 10.721 10.568 .6423 .6331 
t------ --- - 8 ----- j--

1.!.!. 94 7. 78 -2~ 2.3205 2.28125 128 7.4045 12.495 8.374 8.1 75 .6 702 .6542 16 
12 I 5 2.3205 2.28125 128 7.4030 12.030 8.054 8.1 75 .6695 .6795 8 947,~f2~ 
I~ 494.21 12 1.507 1.500 112 4.4126 5.792 3. 731 3.5343 .6442 .6102 

--·-15 1-'-i6 493.03 2 1.507 1.46875 112 4.4021 4.127 2.631 3.3886 .6376 .8211 

TYPICAL EFFICIENCIES- RIVETED GIRTH JOINTS 
P1pe Plate Mean Hole R1 vets Mean Plate Area Area of Efflc1ency 
Dio., Th1ckness, Circum., Oia., Dia., Per P1tch, Total, "b'~~':n 2 Holes, Plate, Rivet, 
ft. 1n. 1 n. on. 1n. Row in 'a" sq. in. "c" SQ.1n. blo C/O 

9.0 7 342.04 tf2 1-'- 100 3.420 2.990 1.837 2.100 .6137 .7016 8 8 

8.5 7 323.19 tf2 1..!.. 90 3.591 3.142 1.986 2.100 .6320 .668 8 8 

8.5 5 322.41 29 7 108 2.9852 1.866 1.255 1.290 .6725 .6913 8 32 8 

FIGUHE 139.-TYPTCAL PINNED AND RIVETED GIRTH JOI::\TS. 
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the gas supply was gradually reduced and finally cut off. The joint 
within the chamber was then allowed to cool to atmospheric tempera
ture. 

Both after welding and again after stress relieving, the welds were 
radiographically inspected, using Gamma rays, since the work was 
inaccessible for X-ray equipment. Any defects detected were repair
ed by welding and again inspected, repeating the process if necessary 
to secure a satisfactory weld. 

174. Details of Field Girth J~ints.-Details of the field or erection 
girth joints are shown in figure 139. In general, the specifications 
provided that portable pipe sections having a shell thickness of more 
than 1 inch should be connected by a double cold-pinned joint having 
an efficiency of not less than 60 percent; and that pipe sections having 
a shell thickness of less than 1 inch might be connected by a double
riveted joint having an efficiency of not less than 60 percent, using 
hot-driven rivets not over !}~ inches in diameter. It was also pro
vided that all pins and rivets should be of metal having physical 
properties at least equal to those of the steel plates used in fabricating 
the pipe; and th~t the pins should be finish-ground so that the diam
eter of the shank should be 0.001 inch per inch of diameter greater 
than the diameter of the hole, so as to provide a force fit. 

The steel bars for the cold pins were rolled by the Carnegie Steel 
Co., Pittsburgh, Pa. The finished bars were normalized by being 
heated uniformly to a temperature of 1,600° F., held at this tempera
ture for a period equal to 1 hour per inch of diameter, then removed 
from the furnace and cooled in still air, protected from moisture. 

Two tension and two bend tests were made from each melt in each 
normalizing charge. The bend specimens met the cold bend test of 
180°, and the test results of the tension specimens as averaged from 
the tests of six different melts arc as follows: 

Yield point _____________________________________ 47,000 lb per sq. in. 
Ultimate strength _______________________________ 80,000 lb per sq. in. 
Elongation in 2 inches_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 28 percent. 
Reduction in area _______________________________ 51 percent. 

The chemical analyses of the six specimens showed the following 
average composition: 

Percent 
Carbon _______________________________________________ 0. 35 
~anganese ___________________________________________ . 72 
Silicon_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 16 
Phosphorus___________________________________________ . 020 
Sulfur_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 025 

The pins were machined at the Barberton, Ohio, plant of the Bab
cock &·Wilcox Co., and finish-ground to final dimensions at the field 
fabricating shop at Hoover Dam. Each erection joint in the 30-foot 
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pipe required 272 pins; in the 25-foot pipe, 256 pins; and in the 13-foot 
pipe, 224 pins. A total of 129,200 pins were required, classified as 
shown in the following tabulation: 

Diameter of 
pins (inches) 

Length of pins 
(inches) 

Thickness of ! 
plates (inches) I 

Number 
required 

3716 57~ to 6% 2% to 2% 31, 008 
2% 4%r. to5 1 7)r. 1 1 ~'iuto2~'iG 45,904 
2%6 3 17)6 to 4 1 %G 1% to 1 17)c, 10, 624 
1% 2?~ to 3,V4 1 %c, to 1%6 41, 664 

Total pins re- _______________________________ -~· I 29, 200-
qui red. 

175. Testing Field Girth J oints.-All cold-pinned field girth joints 
of the penstock and outlet system, except the connections to the in
take-tower castings were tested for watertightness by the injection of 
soapsuds at a pressure of 300 pounds per square inch for the joints 
in the upper units and 600 pounds per square inch for those in the lower 
units. As shown in figure 140, the injection was made into the 
annular space between the inside butt-strap weld and the chamfered 
outer edge of the spigot end of the pipe shell at the girth joint, by 
means of a force pump connecting with a %-inch hole drilled into the 
bottom of the pipe from the inside. Another hole of the same size 
was drilled into this annular space from the inside of the pipe at the 
top and plugged after the entrapped air had been forced out. Any 

0 
--Pressure gage 

. 

Calked to 
seal-----, 

~ 

---Valve 

' . 
\ I II Std . _,--4 ·.PIP€ 

',-Line from hydraulic 
han·d pump. 

,'Tapped into male end 
of pipe section. 

FIG"CRE 140.-SET-UP FOR TESTJ='JG FIELD GIRTH .JOINTS. 
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leaks that developed during the test were repaired by hand calking, 
after which the joint \vas again tested, the operation being repeated, 
if necessary, until the joint was found to be leakproof. Upon com
pletion of the test of each joint, all holes were permanently plugged. 

ELEVATION 
SECTION A~A 

r:l<D 

10'·/{:_-I·.-.·.· 
01"' 
v .. ,.:. 

Groove for~"~ / 

0 ETA I L "e" 

'" :··········-----·17~"--··············· ··r-· 4~"--~ 
4 ·;:o· .···5 Threods per inch 

SPECIAL TAP BOLT 

0 ETA I L "c" 
GASKET GROOVE 

··~ 
FIGURE 141.-BULKHEADS USED TO CLOSE PENSTOCKS NOT IN USE. 
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176. Penstock Bulkheads.-The initial installation of the Hoover 
power plant, or that part of the installation made in connection with 
the Hoover Dam construction program, consisted of hydroelectric 
units N -1 to N-4, inclusive, and unit A-8, which were installed during 
the period October 1936 to August 1937. To close the ends of other 
penstocks pending the installation of turbines, cast-steel bulkheads 
as shown in figure 141 were bolted to the flanged ends thereof. In 
accordance with the specifications, each of the bulkheads was sub
jected to a hydrostatic pressure test of 500 pounds per square inch 
before leaving the shop. 

These bulkheads were not included in the contract for the penstock 
and outlet pipes. They were constructed by the Erie Forg-e Co., of 
Erie, Pa., under specifications No. 678-D, for the sutn of $29,702, and 
were delivered at Boulder City, Nev. The estimated shipping 
weight of the bulkheads and bolts. was 315,776 pounds. The bulk
heads \vere installed by the Government. 

177. Turbine Inlet Pipes.-The turbine inlet pipes are the connect
ing pipes between the butterfly valves, at the lower ends of the pen
stocks, and the turbines. They are subjected to a maximum head 
of 625 feet. The inlet pipes were installed after installation of the 
respective turbines, and are so designed that they can be disconnected 
from the butterfly valve and the valve removed, should this be found 
necessary. In order to comply with the desires of the agencies oper
ating various units of the power plant, two general types of turbine 
inlet pipes have been used; namely, the rigid type and the slip-joint 
type. l\1oreover, so1ne variations have been made in the rigid type. 

In order to obviate the use of expansion joints and at the same time 
prevent excessive or dangerous stresses due to temperature variations 
in the pipe, butterfly valve, or turbine scroll case, it was necessary in 
the installation of the inlet pipes either to make final closure with the 
pipe at the minimum temperature to which it would be subjected 
under operating conditions or to secure the same results by axial 
compression of the pipe, the latter being the plan adopted for all 
other parts of the penstock and outlet system, as described in chapter 
IX. Because o£ the limited working space available, the first plan 
was followed in erecting the inlet pipes of the units first installed. 

The inlet pipes for the turbines of the five hydroelectric. units 
which were included in the original Hoover Dam construction pro
gram, units N-1 to N--4, inclusive, and unit A-8, were constructed 
and installed by the contractor for the r>enstock and outlet system. 

As shown in figure 142, each inlet pipe of the rigid type as first used 
consists of the following elements, proceeding in order downstream: 
(1) an upstream flange connecting with the butterfly valve; (2) a 
filler ring; (3) a short cylindrical section of pipe; {4) a longer reducer 
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section of pipe; and (5) a flange connecting with the turbine inlet 
flange. 

The procedure in fabricating and installing the pipe was as follows. 
After fabricating the upstream pipe section and bolting the upstream 
flange to the butterfly valve and the downstream flange to the turbine 
casing flange, the upper end of the upstream pipe section was inserted 
in the upstream flange, leaving a clearance of 3 inches between the 
end of the flange bore and the end of the pipe. Accurate measure
ments of distance and alinement were then 1nade between the up
stream pipe section and the downstream flange, and from thesr. the 
reducer pipe section was fabricated. The upstream pipe section, the 
reducer section, and the downstream flange were then welded together 
and stress-relieved. The upstream flange was placed on the pipe, 
with the end of the flange bore in contact with the upstream end of 
the pipe; gaskets were placed in the flanges of the butterfly valve 
and the turbine casing; the inlet pipe was placed in position; and the 
upstream and downstream flanges were bolted to the butterfly valve 
and the turbine casing, respectively. \Vith the inlet pipe properly 
alined and the flanges bolted in place, the pipe was cooled to a tempera
ture of 45° F. by the use of dry ice. With the pipe at this temperature, 
the filler-ring segments were finished to the exact width of the gap 
between the end of the upstream pipe section and the end of the 
flange bore, inserted into the gap, and seal-welded in place. Rivet 
holes were next drilled in the upstream flange, using holes in the up
stream pipe section as a guide, and the riveting completed under 
atmospheric conditions. The rivet heads and the downstream edge 
of the upstream flange were calked to secure a watertight joint. 

To remove the butterfly valve for replacement or repair, or other 
purpose, the rivets in the upstream flange are removed, the seal welds 
around the filler-ring segments are chipped out, and the filler ring is 
removed by means of the tapped holes provided in the filler-ring 
segments for that purpose. The bolts connecting the butterfly valve 
and the inlet pipe are then removed and the flange is moved down
stream on the inlet pipe by means of the push-off bolts provided with 
the flange. This affords sufficient clearance to permit removal of 
the butterfly valve. 

The design of the turbine inlet pipes used in units A-1, A-2, N-5, 
N-6, and N-7 is shown in figure 143. Each pipe was shop-fabricated 
in two sections, as shown, and each section was stress-relieved. The 
sections were connected by means of an exterior butt strap rivet~d 
to them after they had been assembled in place in the powerhouse. 
The ends of the pipe were carefully formed and machined so as to 
secure a snug sliding fit in the recesses of the flanges, but the flanges 
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FIGURE 143.-TURBINE INLET PIPE-SLIP-JOINT TYPE. 

were not riveted to the pipe until finally assembled in the field. The 
rivet holes in the pipe sections and in the upstream side of the butt 
strap were shop-drilled. The upstream flange, which was faced, 
drilled for bolts, and ·bored to a diameter of 131.5 inches to receive 
the upstream pipe section, was furnished by the Government and 
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shipped to the contractor to be used as a template in making the pipe. 
The downstream flange, of the same type as the upstream flange, was 
furnished by the contractor and was faced and drilled for bolts to con
form with a template furnished by the Government. 

Installations of this type of inlet pipe \Vere made after the penstock 
system had been in use for some time, and involved the following 
procedure. After placing the gasket in the groove of the turbine 
flange, the downstream flange was bolted in place. The downstream 
pipe section was then fitted into the recess of the downstream flange. 
The butt st.rap was expanded by heating to a temperature of approxi
mately 250° F. and placed in its proper position on the downstream 
pipe section. The upstrea1n pipe section was then fitted into the butt 
strap, with metal-to-metal contact between the two pipe sections. 
The upstream flange was next placed on the pipe, with the end of the 
bore or recess in close contact with the end of the pipe. The pen
stock was then unwatered, the bulkhead removed, and the butterfly 
valve installed. After a gasket had been placed between them, the 
upstream flange of the turbine inlet pipe was bolted to the flange of the 
butterfly valve. 

As the next step in assembly, the downstream section of the inlet 
pipe was seal-welded, drilled, and riveted to the downstream flange. 
Next, the joint between the upstream and downstream sections was 
seal-welded on the inside of the pipe, and both these sections were 
riveted to the butt strap. The concrete, embedding approximately 
the downstream two-thirds of the turbine inlet pipe and the upstream 
part of the turbine casing, as shown in figure 142, was then placed. 
Next, after ascertaining the prevailing average temperature of the 
penstock between its lower anchor and the butterfly valve leaf, and 
of the inlet pipe between the butterfly valve leaf and the upstream face 
0f the concrete, and comparing these temperatures with the assumed 
minimum temperature of the pipe under operating conditions, namely 
45° F., the width of the filler ring to be inserted at the-upstream end 
of the inlet pipe was determined from a temperature chart. The 
inlet pipe was then cooled by the use of dry icc so that the filler ring 
could be inserted and seal-welded in place. Rivet holes were next 
drilled in the upstream flange, using the holes in the upstream pipe 
section for a guide, and the riveted connection between the pipe and 
the flange was completed under atmosphetic conditions. 

Removal of the butterfly ~alve, when required, is by the method 
described in a previous paragraph for rigid-type units without the butt 
strap. 

The turbines of units A-5, A-6, and A-7, at the request of the 
operating agency, the Southern California Edison Co., were provided 
with a slip-joint type of turbine inlet pipe, as shown in figure 14:~. 
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Each pipe was fabricated in three principal sections: (1) the upstream 
flange; (2) the stuffing-box flange and reducing cone; and (3) the down
stream flange. The welded reducing cone was stress-relieved. The 
upstream flange is connected to the body of the inlet pipe by means of 
a slip joint and stud bolts. The reducing cone was shop-welded to the 
stuffing-box flange and is connected to the downstream flange by field
driven rivets, the rivet holes in the cone having been drilled in the 
shop. The upstream and downstream flanges were drilled and 
machined to conform with templates furnished by the Government. 
The cylindrical downstream end of the reducing-cone section was 
machined so as to provide a snug sliding fit in the pipe recess of the 
flange. All field riveting was done by Government forces. All faces 
of the upstream flange, as well as all parts of the slip joint, including 
the stuffing-box flanges and the gland ring, were machined accurately 
to the required dimensions in order to form close-fitting, watertight 
joints. The packing of each stuffing box consists of five rings of 
three-quarter inch square, lubricated flax packing. 

Installation of the slip-joint type of turbine inlet pipe involved the 
following procedure. After placing the gasket and bolting the down
stream flange to the turbine casing, the end of the reducing-cone 
section was inserted into the downstream flange, with the end of the 
pipe in contact with the end of the pipe recess in the flange. The 
packing gland was then placed on the upstream flange section, and the 
section slid as far as possible into the recess of the stuffing box. Next, 
after placing the gasket, the upstream flange was bolted to the butter
fly valve. With the inlet pipe properly alined, the downstream 
flange was seal-welded, drilled, and riveted to the reducing-cone 
section. The stud bolts in the slip joint were then installed with 
nuts left loose. The reducing-cone section was next embedded in 
concrete, as indicated in figure 143. 

The average prevailing temperature of the penstock, butterfly 
valve, and inlet pipe, between the downstream face of the penstock 
anchor and the upstream face of the concrete around the inlet pipe, 
was next determined, and from this, the required increase in the 
distance between the inner faces of the stuffing-box flanges was 
ascertained from a temperature correction chart. Using dial gages 
for measuring the increase of distance, the stuffing-box flanges were 
forced apart by means of the inner nuts on the stud bolts until the 
required compression was obtained; then the outer nuts were tightened. 
The stuffing box was next packed and the gland nuts adjusted to 
prevent leakage. 

To permit removal of the butterfly valve, it is necessary only to 
remove the upstream flange bolts and reduce the length of the inlet 
pipe by means of the stud bolts of the slip joint. 



CHAPTER IX-PRESTRESSING 

INTRODUCTION 

178. Preliminary Studies and Conclusions.-Exhaustive studies and 
investigations led to the conclusion that expansion joints in pipe of 
such size and under such high heads as those in the Hoover Dam 
penstock and outlet system would be of questionable feasibility, and 
that, even assuming their structural feasibility, the construction and 
the maintenance costs would be relatively very great, if not pro
hibitive. This consideration, together with the fact that the pipe 
is housed in tunnels where it is not exposed to the wide extremes of 
temperature existing in the open air and sunlight at Hoover Dam, 
and where it could be easily anchored to the rock of the tunnel walls, 
suggested both the advisability as well as the feasibility of a plan 
contemplating the elimination of the usual expansion joints. The 
proposed plan provided for installing the pipe under such a pressure 
that the temperature change in the pipe would never be great enough 
to cause the pipe to be in tension, and allowed for relative movement 
of the pipe in the supporting piers. 

To make sure that compression, with consequent tightening of the 
girth joints, instead of tension, with resultant loosening or tendency 
to loosen would occur as the result of temperature changes in the pipe 
under working conditions, it obviously was necessary either to make 
final closure between adjacent anchors at the lowest temperature the 
pipe would reach under service conditions; or to so contract the pipe 
by axial compression that there could be inserted in the gap at a 
closure joint provided for the purpose, a filler ring equal in width to 
the expansion that would be caused in the pipe, if it were free to move 
between adjacent anchors, by a temperature change equal to the 
difference between the minimum temperature the pipe would ever 
reach and the temperature of the pipe at the time of closure. The 
necessity for the low closing temperature or equivalent compression 
in the pipe arises from the fact that, in accordance with Poisson's 
phenomenon, longitudinal tension is developed in a pipe subjected 
to hydrostatic pressure if the ends of the pipe arc achorcd against 
movement. 

2137 
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The temperature of the rock traversed by the tunnels was found to 
be about 80° F. throughout the year, and it was obvious that the 
temperature of the pipe, when empty, would never deviate much from 
the temperature of the surrounding rock. It was concluded that the 
temperature of the pipe under operating conditions would range 
between the extreme limits of 40° and 85°. The first of these tem
peratures is approximately the temperature of water at its maximum 
density, and it was not conceivable that water colder than this would 
ever :flow through the pipe when the reservoir level is high, since the 
sills of the highest gates in the intake towers are 176 feet below the 
normal reservoir level at elevation 1,221. A similar situation was 
met at the other end of the temperature range, and, while an analysis 
of extensive records of water temperatures in deep reservoirs in the 
southwestern United States showed that water at 85° might be ob
tained by opening the upper gates of the intake towers at low reservoir 
levels, temperatures above 75° would not be expected with the reser
voir water surface at or ncar the normal level. Since the effects of 
pressure predominate over those due to temperature change in this 
case, the estimated range of temperatures under conditions producing 
the highest stresses in the pipe is only the difference between 75° and 
40°, or 35°. The change in longitudinal stress in the pipe due to such 
a temperature change, the ends of the pipe being anchored, is about 
7,000 pounds per square inch. 

On the basis of preliminary studies, it was tentatively concluded 
that final closure in each course of pipe between adjacent adequate 
prestressing anchors, see section 179, could be made at the required 
minimum temperature, possibly without resort to artificial cooling if 
made in the winter. Should artificial cooling be found necessary, it 
was planned that the 900-ton refrigerating plant used for cooling the 
concrete in the dam would be made available for the time and to the 
extent necessary. Accordingly, these provisions were incorporated in 
the specifications, and a closure temperature of 50° F. was specified 
therein. 

Further studies indicated the desirability of making the closure in 
the pipe sections between prestressing anchors at a temperature of 
45° F. instead of the 50° provided in the specifications, and showed, 
moreover, that it would be impossible to attain this temperature, even 
in winter, without artificial cooling. Comparative estimates were 
made of attaining the desired conditions for closure by each of the two 
alternatives: namely, by cooling the pipe to the required temperature 
of 45°; or attaining the same result by mechanical prestressing. It 
was found that the latter plan would involve less expense as well as 
less time than cooling and would entail fewer interruptions to other 
construction work in progress, and it was therefore adopted. 
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179. General Plan and Procedure.-Mechanical prestressing in
volved the development of a compressive stress in the pipe, between 
each pair of adjacent anchors, equivalent to that which would be 
developed by the expansion of the pipe due to a temperature change 
equal to the temperature at the time of closure less 45°. In other 
words, should closure be made at a time when the temperature of the 
pipe is 80°, there would be required a compressive stress equivalent to 
that due to a temperature change of 80° less 45°, or 35°. In the upper 
Nevada 30-foot penstock header, for example, this would involve a 
contraction of nearly 2.5 inches in the approximately 830 feet of pipe 
betw.ecn anchors 3 and 5, requiring a compressive force of approxi
mately 17,000,000 pounds. 

Those portions of the four penstock and outlet headers adjacent to 
the intake towers and the outlet valves are securely anchored in place 
by being embedded in the concrete backfill occupying the space be
tween th'e pipe and the tunnel walls, constituting terminal anchors 
3 and 6, respectively, as described in chapter V. The ends of the 16 
penstocks arc likewise held in place by anchors 1 and 2, at the down
stream end and ncar the upstream end, respectively, of each penstock. 
Of the intermediate anchors installed on the penstock and outlet 
headers between anchors 3 and 6, sec figures 8 to 11, inclusive, only 
anchor 5 of the upper Nevada unit and anchor 7 of the lower K evada 
unit are of such size and stability as to prevent movement of the pipe 
within the anchor. In other words, anchor 4 of each of the four 
headers; anchor 5 of the upper Arizona, lower Arizona, and lower 
Nevada headers; and anchor 7 of the lower Arizona header, were 
not designed to prevent longitudinal movement of the pipe, but serve 
only as lateral braces. It was thus necessary, in the upper and lower 
Arizona units, and in that part of the lower N cvada unit upstream 
from anchor 7,to prestress both the 30- and the 25-foot pipe at the same 
time or in stages as hereinafter explained, in order to obviate longitudi
nal movement of the pipe in the number 5 anchors. In the upper 
Nevada unit, however, because of the adequate number 5 anchor, the 
parts of the penstock and outlet header on either side of the anchor 
were prestressed separately. 

The general plan, as well as the procedure followed in the prestress
ing operations, is shown by figures 145 to 150, inclusive. In prepara
tion for prestressing, gaps designated prestress closure joints were left 
between adjaceht pipe sections at predetermined locations as the pipe 
was being erected. The force for contracting or prestressing the pipe 
was developed by the usc of ratchet-operated screw-jacks, temporarily 
installed around the pipe, operating between reinforcing bands 
welded to the pipe on either side of the prestress joint. The jacks 
were installed by means of brackets, fabricated principally from steel 
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H-beams, which engaged the reinforcing or thrust bands as shown in 
figures 145, 147, and 150. As the jacks were extended, the width of the 
gap at the prestress closure joint was increased and the pipe was cor
respondingly compressed. On the 30-foot penstock headers, 142 
jacks were used, each having a capacity of 50 tons. 

PRELIMINARY OPERATIONS 

180. Test of Thrust Bars.-To check the adequacy of the reinforcing 
bands or thrust bars, including their welded connection to the pipe 
shell, between which the jacks were to be extended in order to com
press the pipe, a test was made as indicated in figure 144. The width 
of the central members of the testing device was 8}{ 6 inches, equal to 
the proposed spacing of the jacks around the outside of the pipe. 
In this method of testing, part of the load was carried by each of the 
bars welded to the central plate, one of \vhich represents the reinforc
ing bar on the pipe. Although it is not probable that one-half the 
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total load at failure was borhe by each band, it was assumed that one
half of the load would be a conservative value for the strength of a 
single reinforcing band. 

The total load at failure was about 822,000 pounds, at which the 
upper weld "A" failed. The reinforcing band was pulled away from 
the plate, the fracture resembling a tension break over part of its 
length and a shear break over the remainder. The load dropped away 
to about 500,000 pounds, then picked up again to 640,000 pounds, when 
the other upper weld, of the opposite bar, failed in a similar manner. 
The load then dropped away sharply, but was continued until the two 
lower welds were broken. The lower welds failed by the shearing 
of a thin sheet from the surface of the plate, which adhered to the 
weld. 

Calculations were made of the stresses, both bending and direct, 
in the inner and outer fibers of the test specimen with prestressing 
carried out as indicated in figure 144. These calculations were based 
on the rated capacity of the jacks and the bending moments involved, 
and on the assumption that forces would be applied equivalent to a 
temperature drop of 35° F. The maximum stress was 26,500 pounds 
per square inch in the shell at the joint side of the reinforcing bands, 
which was considered safe under the conditions. K o axial stresses 
greater than 9, 700 pounds per square inch were indicated. 

181. Test of Rachet Screw-Jack.-.For developing the prestress 
force, screw-jacks having a rated capacity of 50 tons each were used. 
To make sure that they were suitable for the work, one of the jacks, 
selected at random, was tested to destruction. In making this test, a 
4,000,000-pound testing machine of the Bureau of Standards was used, 
with heavy plates above and below the jacks, and with heavy sheets 
of cardboard to distribute the pressure evenly. Pressure was first 
applied by operating the jack with the handle furnished by the 
manufacturer, this being a solid bar of steel 17~ inches in diameter and 
5 feet long. With one man lifting on the handle, the force exerted by 
the jack varied from 70,000 to 90,000 pounds. "\Vith two men lifting 
on the handle, a force of 107,000 pounds was developed, at which time 
the handle began to bend. In order to apply more leverage, a pipe 
was fitted over the handle and the strength of the handle was in
creased by cold working. With the longer lever and two men forcing 
the handle downward, the force exerted by the jack was increased to 
165,000 pounds, the combined weight of the two men being 300 
pounds. This load was applied at a distance of about 68 inches from 
the jack and caused the handle to bend about 30°. No weakness 
developed in the jack except that the socket for the lever became 
slightly elongated. 

The load was next increased to 200,000 pounds by use of the testing 
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machine, after which it was reduced to 50,000 pounds. In order to 
ascertain whether the jack had been injured by this overload, two 
men, operating the jack, increased the load again to 118,000 pounds, 
showing that no damage had occurred. The testing machine was 
then· used to increase the load to 260,000 pounds, at which point thg 
needle on the indicator hesitated momentarily. The load was then 
increased to 274,000 pounds, reduced gradually to 240,000 pounds, 
increased again to 272,000 pounds, and reduced to 150,000 pounds, 
when a breaking sound was heard indicating complete failure. This 
failure occurred by shearing of a shoulder in the bronze nut of the jack. 

182. Calibration of Gages.-Prior to beginning the aqtual work of 
prestressing, the gages to be used were carefully calibrated. The 
gages \vere Huggenberger tensometcrs, optical strain gages, and 8- and 
20-inch Berry-type gages. The Huggenberger tensometers were 
calibrated by the manufacturer, the multiplication factors ranging 
from 1,031 to 1,038. However, in all computations 1,000 was used 
for the multiplication factor, which made the observed stresses from 3 
to 5 percent too high, this being considered desirable as the plates of 
the pipe shell were of a high-strength steel not theretofore used for this 
purpose. 

The optical strain gages and the 8-inch Berry gages were calibrated 
in the contractor's shop at Boulder City by measurements on a l-inch 
square bar pulled in the testing machine. The results indicated that 
one division of the optical strain gage was equivalent to a load of 1,000 
pounds per square inch, and one division on the 8-inch Berry gage was 
equivalent to a load of 100 pounds per square inch. The calibration of 
the 20-inch Berry gage was made by taking measurements when com
pressing a 2- by 4-inch jack bar in the testing machine, the indication 
being that one division on the gage was equivalent to 2,000 pounds 
load on the jack bar. The calibration of the 8-incl1 Berry gage on the 
penstock steel indicated for that steel a modulus of elasticity of 29.8 
million pounds per square inch. 

183. Thermal Coefficient of Penstock Steel.-For use in making 
computations during the progress of prestressing and after detennina
tion of the actual temperatures in the steel of the pipe shell, tests were 
made at the contractor's plant and also in the Denver laboratory of the 
Bureau of Reclamation to determine the coefficient of linear expansion 
of the penstock steel. A calibrated 8-inch Berry gage was used for 
making the measurements, and readings were taken on the test bars 
at room temperature, in melting iee, and in boiling water. At the 
contractor's plant, the following coefficients of linear expansion were 
obtained: 

From 32.7° to 92.8° F., 0.00000662. 
From 32.7° to 206.8° F., 0.00000685. 
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In the Denver office laboratory, the following coefficients were ob
tained: 

From 35.6° to 142.6° F., 0.0000064. 
From 123.6° to 235.6° F., 0.0000067. 

The average value for the coefficient of linear expansion for all tests 
was 0.00000664 per °F. A value of 0.0000067 was therefore assumed 
in calculating the gap openings, or the distance between the ends of 
the pipes at the joints where the prestressing was to be performed. 

GENERAL FEATURES OF PRESTRESSING AND JOINT 
CLOSURE 

184. Prestress Closure Joints.-A prestress closure joint was pro
vided near the upstream penstock in each of the 30-foot headers, at 
the upstream side of the construction adit in each of the 25-foot 
headers, and at a point about midway of the curve in the 25-foot 
header of the lower Nevada unit. These are designated as F joints 
in figures 8 to 11, inclusive. The widths of the gaps at these joints 
were so designed as to allow for an expansion due to a minimum varia
tion of 20° in temperature prior to prestressing and making final 
closure. The gaps were generally about 1 inch wide in the 30-foot 
headers and about X to X inch wide in the 25-foot headers. A prestress 
closure joint having a gap width of about X inch, also designated F 
joint in figures 8 to 11 inclusive, was provided near the upper end of 
each penstock, just downstream from anchor 2. Near the down
stream end of each 30-foot header, and immediately downstream from 
anchor 7 of the lower Nevada unit, an auxiliary joint having a %-inch 
gap width, designated F1 joint in figures 8 to 11, inclusive, was pro
vided for the purpose of making any unforeseen adjustments that 
might be found necessary. No adjustments we.re found necessary 
at these auxiliary joints. 

At each of the prestress closure joints, as well as at the auxiliary 
joints, a wide butt strap was provided for closing the joint after the 
prestressing operation had been completed. This butt strap was 
shop-fitted on one section, usually the upstream section, but not per
manently attached; and was fitted to the adjacent section of pipe as 
the section was being erected in the tunnel, in the manner described 
in the preceding chapter for all regular erection girth joints. After 
the gap at the prestress joint had been increased to the width necessary 
to provide the required prestress, a segmental filler ring, generally 
consisting of six segm.ents, was fitted into the gap, on the inner side 
of the butt strap, and firmly welded in place. After the filler ring 
had been placed, the prestress closure joint was completed by centering 
the butt strap over the joint, drilling and broaching the holes for the 
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pins on both sides of the joint, and then pinning, trepanning, and 
calking, in practically the same manner and using the same equipment 
as for the regular erection joints described in the preceding chapter. 
The auxiliary joints were completed in the same manner, but prior to 
prestressing. 

The prestress closure joints and the auxiliary joints are designated 
as F joints and F 1 joints, respectively, in figures 8 to 11, inclusive, and 
should not be confused with the penstock connection joints, designated 
as Fz joints, which are described in the following section. 

185. Penstock Connection Joints.-After all the pipes of each unit 
had been prestressed, the penstocks were connected to the 30- by 13-
foot laterals or branch connections by means of joints consisting of 
wide butt straps and filler rings, similar in many respects to the pre
stress joints. In making final closure at each of these joints, the 
temperature of the butt strap and of the 13-foot pipe adjacent to the 
joint was brought up to 80° F. by heating, the reason for which is 
brought out in the following discussion. The 30-foot header, when 
under maximum pressure, will expand as much as 0.20 inch in diameter. 
This expansion will be restrained by the 13-foot pipe which is anchored 
in place, thus producing secondary bending stresses at the junction 
of the penstock with the header. Under operation, the water at a 
mean temperature of about 60° causes longitudinal contraction due 
to the 20°-temperature drop from the 80° closing temperature of the 
pipe. At the same time the water pressure expands the diameter of 
the 13-foot pipe, thus decreasing its length in accordance with Pois
son's phenomenon, and tending to cause longitudinal tension. The 
contraction of the 13-foot pipe, due both to temperature change and 
water pressure, will approximately balance the increase in the radius 
of the 30-foot pipe, thus obviat-ing the development of bending stresses 
at the junction. 

In the penstock connection joints of the lower units, where the out
lets of the 30- by 13-foot laterals or branch connections have their 
planes normal to the center lines of the penstocks, the butt straps 
have a uniform width of approximately 4.5 feet, and the filler rings 
have a width of about 2.5 feet. These penstock connection joints 
are designated as sections LA-88, LA-104, LA-120, LA-135, LN-88, 
LN-105, LN-122, and LN-139, respectively. 

In the penstock connection joints of the upper units, wherein the 
plane of the outlet of each 30- by 13-foot branch connection is parallel 
to the center line of the 30-foot header, the butt straps and the in
cluded filler rings are of irregular shape. The lower end of each of 
these butt-strap assemblies is normal to the center line of the penstock; 
and the upper end, which connects directly to the 30- by 13-foot 
branch connection, is in a pl~ne parallel to the center line of the 30-
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foot header. At its horizontal diameter, the butt strap is approxi
mately 10 feet wide on the upstream side, and about 6 feet wide on 
the downstream side, and the filler ring varies in ·width from about 
4 to 8 feet. These connection joints are designated as sections UA-68, 
UA-84, UA-99, UA-114, UN-76, UN-92, UN-108, and UN-124, 
respectively. 

As the penstock pipes were being fabricated, the wide butt strap 
for each of the penstock connection joints was fitted, but not fastened, 
to the section of pipe adjacent to the joint. After the header and pen
stocks had been erected and prestressed, the penstock conn<~ction 
joints were closed by moving the butt strap into place, drilling the 
pin holes, pinning, trepanning, and calking; and then placing, welding, 
and calking the filler ring. Three circumferential rows of pins were 
used at either end of each butt strap. 

186. Development of Prestress Force.-For developing the required 
prestress at a prestress closure joint, the jacks and jack brackets were 
assembled on the pipe at the joint as indicated in figures 145 to 150, 
inclusive. The jack brackets engaged the reinforcing bands welded 
to the pipe shell, and the force devclop<~d by the jacks was transmitted 
across the prestress closure joint by means of the 2- by 4-inch jack 
links, shown in figure 145. By operating the jacks, the width of the 
gap between the adjacent sections of the pipe shell was increased until 
a previously prepared filler ring could be inserted in the gap. 

The jacks were operated by a crew of eight men and a foreman. 
Before beginning the operation, the jacks in each quadrant were num
bered consecutively from 1 on up, the numbers proceeding around the 
pipe in the same order in all quadrants. The crew was divided into 
four teams, each team being provided with a steel jack bar or lever 
n~ inches in diameter and 5 feet long. After all the jacks had been 
snugged up, the crew was instructed as to the amount the jacks were 
to be tightened with each pull, specified in terms of a number of 
notches on the ratchet mechanism of the jack. Each of the four 
teams then took position at the number 1 jack in its particular 
quadrant; and, at uniformly spaced time intervals, the foreman called 
out a number as a signal that all jacks bearing the corresponding num
ber were to be pulled the required number of notches. In this man
ner, approximately equal amounts of pressure were applied at quarter 
points as the teams progressed through their respective quadrant. 

187. Determination of Filler-Ring Widths.-The width of the filler 
ring to be inserted in each of the prestress closure joints was deter
mined by taking a simultaneous set of pipe temperature readings and 
gap-\vidth measurements and adding the computed increment in gap 
width for a pipe temperature of 45° F. to the measured gap width. 
Thermometers were placed in the pipe at selected locations and 
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SECTION THROUGH 18'-011 TUNNEL AND 1~'-0" PENSTOCK 
SHOWING BRACKETS AHD STRUTS IN POSITION 

UPPER AHD LOWER TUNNELS 
13'-o" PENSTOCK 

', ___ Pipe shell 

FIGURE 145.-ARRANGEMENT OF .JACKS FOR PRESTRESSING 
PENSTOCKS. 

readings taken at the same time the gap at the closure joint was 
measured. To guard against errors, both temperature and gap
width measurements were taken independently by two observers, who 
compared readings and eliminated all discrepancies at the time. The 
thermometer readings in each set of observations were totaled and 
divided by the number of thermometers to arrive at the average tem
perature of the pipe. The joint opening was measured at 16 pre
viously selected and marked locations with inside micrometers and 
calipers, the observations being noted to the nearest thousandth of an 
inch. The required width of the filler ring was computed by adding 
to the existing gap as measured at the closure joint, the computed 
gap resulting from contraction due to a temperature drop equal to 
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:he average lempl'rn.tmc· of lit e' pipe at the time of closure, les 45° 
T he thermal coefficient of contraction obtained from laboratory Lesls 
on samples of pens lock plale \vas used in this computal ion. 

188. Fabrication and Installation of Filler Rings.- The filler ring is 
essentially a short section or band of the pipe shell fitted into the gap 
at the preslres joint. The fillet· rings for the 25- and 30-foot pipe 
,,·ere made up in six segmen Ls in order Lo facilitate installation, the 
egments being of the ame lhicknes as the pipe shell o a lo form a 

smooth inside surface. The outer surface of the filler ring rested 
against the butt strap . The filler rings were fabricated by cutting 
pieces of teel plato of the required thickno s to the proper dimensions, 
rolling them to Lhe proper curvature, and stamping them with iclenli
ficaLion numbers. Before placing tlte filler ring, see figure 14 7, th 
gap at the clo Lu·e joint "·as thoroughly cleaned and all local irreg
ularities " ·ere moolhecl clown. The egments of the ring \Yere then 
placed in position, beginning at the bottom of the pipe and using 
hammers if neces ary lo force the segments into place. After pre
stressing the pipe to a predetermined jack load and placing tho filler 
ring, the jacks were released by reYersing the procedure follO\Yecl in 
applying the prestress force, thus Lransfening the load to the fill er 
ring. The bull trap ,,-a next udju ted to the proper po ition, pinned , 
and calked; and the ftller-ring segments were permu nently incorporated 
in the pipe hell by tack-\relding them in place. 
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189. Control of Prestress Operations.-Application of the prestress 
force obviously induced high secondary stresses in the region of the 
closure joint. The stresses were carefully calculated in advance and 
an estimate was made of the highest temperature at which the pre
stress force could be applied without raising the stress at any point 
above 30,000 pounds per square inch. This estimate was based on 
computations made independently by representatives of the con
tractor and the Bureau of Reclamation, and since stresses in more than 
one direction would generally be present, the value of 30,000 was con-

: strued to be the allowable equivalent stress in simple tension. A 
final check on the loads applied by the jacks was obtained from strain
gage readings made on the jack links. 

In order to save time, the initial strain-gage readings were made 
with the jack links under stress when the joint had been opened the 
full amount, and the final readings taken when the jacks had been 
released after placing the filler ring. As a special precaution to guard 
against excessive jack loads resulting from friction between the pipes 
and the butt strap at the prestress closure joint, the joint was opened 
from one-eighth to one-quarter of an inch and the jacks then released, 
and information regarding the frictional resistance present was ob
tained from observations of the amount of opening retained after 
release of the jacks. Strain-gage readings were made on the inside 
of the pipe, working on a l-inch gage length, the gages remaining 
attached to the pipe shell during the period of observation. Readings 
were also taken on the jack links, with an 8-inch Berry-type strain 
gage. This gage was portable and was used to compare the distance 
between holes drilled in the jack bar with the distance between 
similar holes in a standard test bar. The operation of the jacks was 
di8continued when the required joint opening was obtained, including 
an allowance for necessary clearance in plncing the filler rings. 

l\1easurements of the secondary stresses near the prestress joints 
were made during prestressing on one 13-foot penstock, also on one 
25- and one 30-foot header in the upper Nevada tunnel, when the pipe 
temperatures were the highest. For all cases the maximum secondary 
stresses during prestressing were found to be considerably below the 
yield strength of the penstock steel. 

The method used for checking the adequacy of the prestressing for 
each pipe consisted of a measurement of jack loads after the prestress 
joint had been opened the maximum amount. It was found that in 
all cases the measured jack loads were in excess of the computed jack 
loads. This was due principally to the friction of the wide butt 
straps at the prestress joints, to friction between pipe and piers, and 
also to the fact that the actual plate thickness is slightly greater than 
the theoretical thickness. 



TABLE 21.-SUMMARY OF PRESTRESSING OPERATIONS IN PENSTOCK AND OUTLET UNITS 

Location of prestress 
joints 

UPPER NEVADA 

Penstock N-6 ____________ 
Header, 30-foot ___________ 
Penstock N-4 ____________ 
Penstock N-2 ____________ 
Header, 25-foot ___________ 
Penstock N-8 ____________ 

UPPER ARIZOzq A 

Penstock A-1---------~--
Penstock A-4 ____________ 
Penstock A-6 ____________ 
leader, 30-foot ___________ I 

p 
Header, 25-foot_ __________ 

enstock A-8 ____________ 

LOWER NEVADA 

Penstock N-L ___________ 
Penstock N-3 ____________ 
Penstock N-5 ____________ 
Penstock N-7 ____________ 
H 
H 

eader, 30-fooL __________ 
eader, 25-foot: 

Straight _____________ 
Bend ________________ 

LOWER ARIZONA 

p 
p 
p 
p 

enstock A-2 ____________ 
enstock A-3 ____________ 
enstock A-5 ____________ 
enstock A-7 ____________ 

H 
H 

eader, 30-foot ___________ 
eader, 25-foot ___________ 

Length 
of pipe 
between 
anchors 

(feet) 

247. 55 
829. 58 
250. 23 
252. 92 
256. 47 
244. 88 

240. 25 
227. 98 
219. 93 
810. 98 
178. 19 
180. 78 

279. 36 
276. 20 
273.04 
269. 89 
846. 99 

274. 20 
279. 59 

256. 32 
251. 42 
241. 63 
231. 83 
925. 58 
585. 90 

Date 

Sept. 18, 1935 
Sept. 26, 1935 
Oct. 5, 1935 
Oct. 10, 1935 
Oct. 19, 1935 
Oct. 18, 1935 

Oct. 30, 1935 
Nov. 1, 1935 
Nov. 8, 1935 
Nov. 2, 1935 ___ do _________ 
Nov. 16, 1935 

Dec. 10, 1935 
Dec. 13, 1935 
Dec. 26, 1935 
Dec. 28, 1935 
Jan. 15, 1936 

Jan. 24, 1936 
Mar. 7, 1936 

Jan. 9, 1936 
Jan. 13, 1936 ___ do _________ 

___ do _________ 
Feb. 20, 1936 
Feb. 22, 1936 

• Temperature of pipe during gap measurements for filler widths. 
2 Water spray and fan in operation. 

Com-
puted 
gap 

Temper- opening 
ature, 1 

o F. for 100-
percent 
prestress 
(inches) 

2 73. 22 0. 562 
2 76. 97 2. 132 

76. 11 . 625 
75. 36 . 617 

2 74. 94 . 617 
75.41 . 599 

68. 38 . 4S1 
67. 27 . 408 
67. 17 . 392 
72.49 1. 792 
70. 74 . 369 
65.47 . 298 

65. 40 . 459 
63. 57 . 412 
65. 86 . 458 
65. 37 . 442 
62. 04 1. 161 

59. 53 . 320 
70. 42 . 572 

61. 51 . 340 
61. 24 . 328 
60. 93 . 310 
61. 25 . 303 
61. 93 1. 260 
60. 22 . 717 

For actual prestressed gap opening 

I Ratio o f 
observed 

Gap Observed Com- and com 
puted Temper- o~ening average minimum 

puted 
Date ature, ue to load in load in 

jack 
o F. prestress to!ls ker loads 

(inches) ]aC to!ls ker 
]aC 

· Sept. 21, 1935 2 74. 01 0. 579 -------- -------- --------
Oct. 1, 1935 2 77. 23 2. 151 47. 7 47. 5 1. 01 
Oct. 8, 1935 75. 57 . 686 65. 4 57. 3 1. 14 
Oct. 17, 1935 74.71 . 670 57. 6 54. 7 1. 05 
Oct. 20, 1935 2 75. 65 . 615 49. 2 44. 0 1. 12 
Oct. 28, 1935 73. 86 . 645 60. 4 52.8 1. 14 

. 
Nov. 5, 1935 64. 91 . 501 43. 4 37.8 1. 15 
Nov. 12, 1935 64. 61 . 464 39. 8 38. 2 1. 04 
Nov. 20, 1935 63.65 . 463 42.6 41. 9 1. 02 
Nov. 25, 1935 70.09 1. 853 41. 7 41. 5 1. 01 

___ do _________ 67.48 . 443 41. 5 40. 0 1. 04 
Nov. 29, 1935 65.22 . 365 44. 9 42.2 1. 07 

Dec. 24, 1935 61. 34 . 477 35. 7 35.4 1. 01 
Dec. 31, 1935 60. 83 . 467 38. 4 34. 7 1.11 
Jan. 3, 1936 65. 18 . 516 44. 1 43. 4 1. 02 
Jan. 10, 1936 64. 60 . 505 46. 7 42. 6 1.10 
.Jan. 30, 1936 62. 21 1. 221 45. 3 39. 5 1. 15 

___ do _________ 63. 90 . 389 48. 8 43. 3 1. 13 
Mar. 13, 1936 69. 15 . 557 80. 4 67.7 1. 19 

Jan. 20, 1936 61. 84 . 396 40. 2 37. 0 1. 08 
Jan. 26, 1936 60. 33 . 390 42.3 34. 7 1. 17 
Feb. 12, 1936, 60. 31 . 396 42. 1 37.4 1. 13 
Feb. 16, 1936 59.83 . 381 40. 5 36.0 1. 13 
Mar. 4, 1936 64. 72 1. 319 45. 3 44. 8 1. 01 
Mar. 3, 1936 63. 04 . 790 42.8 38. 5 1.11 

819135 0 - 49 (Face p. 298) 
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The principal data r~lative to the prestressing of all headers and 
penstocks are summarized in table 21. 

190. Control of Temperature.-At the time of beginning prestressing 
operations, which were started on the upper .Kevada unit in September 
1935, it was necessary to have some control over temperatures in the 
tunnel, since the temperatures therein exceeded somewhat the maxi
mum desired prestress temperature of 75° F. for the metal of the pipe 
shell. The temperatures on the outside at this time varied from 80° to 
104°. The temperature in the tunnel, as affected by the temperature 
of the rock, was about 78°; and the temperature of the steel pipe shell 
at the top and bottom varied as much as 1.3° as the result of a con
vection current of air whieh flowed upward along the outside of the 
pipe and downward along the wall of the tunnel. Control of the 
temperature was accomplished by building a timber bulkhead in the 
tunnel adit and at eaeh of the passages from the power plant to the 
penstock tunnels; installing a blower in the penstock being prestressed 
and passing the air eurrent from the blower through a spray of water; 
and applying a fine spray of water beneath the lower cylinder gate in 
the intake tower. Incidentally, this latter spray was entirely evapora
ted. 

Pope shell--'''·· . .._ 
ReLr.forCI:'lg bc!ld 
(Used as ~hr0st t::nd 

Butt strop .• \ 

/PLAN OF JACK ARRANGEMENT 
SO-Ton screw jacks 

equally spaced orcund 
circumference of p1pe-., 

P•pe shell- ... ::.~ 

--,,~-Thrust bond 
~ 

LONGITUDINAL SECTION THROUGH PIPE AT PRESTRESS JOINT 

Pipe shell··\ 

0 E,T A I L "A" 

FIGURE 147.-INSTALLATION FOR PRESTRESSING 30-FOOT AND 
25-FOOT HEADERS. 

819135°-49--21 
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DETAILS OF PRESTRESSING OPERATIONS 

191. Upper Nevada Penstock N-6.-The first pipe to be prestressed 
was penstock 6 of the upper Nevada unit, designated N-6. The 
13-foot pipe, having a length of 247.55 feet between anchors, had to be 
compressed a distance of 0.579 inch in order to provide the proper 
prestress, the average temperature of the pipe being 74.01° F. at the 
time of prestressing. For exerting the compressive force in this as 
in all other penstocks, 32 jacks, each having a capacity of 50 tons, 
were used. The jacks were uniformly spaced around the pipe at the 
closure joint, \vith additional jacks placed radially between the jack 
brackets and the tunnel lining to prevent tipping of the brackets 
when under load, as shown in figures 145 and 146. 

In order to secure a check on the amount of prestress force applied, 
strain-gage readings were made at four locations on the outside of the 
pipe shell. The 8-inch Berry-type strain gages used for this purpose 
were applied to carefully prepared gage holes in the pipe shell at the 
ends of the vertical and horizontal diameters of the pipe. The readings 
were somewhat erratic, which it is believed may have been due to 
secondary stresses caused by slight local imperfections. The gage 
readings showed an average compression of 5,500 pounds per square 
inch for a gap opening of 0.579 inches at a temperature of 74.0° F. 

Strain-gage readings were made on the inside of the pipe where the 
highest secondary stresses were expected. These were made by means 
of four Huggenberger tensometers, referred to as gages 1 to 4, inclusive. 
Gages 1 and 2 were placed approximately at the weld on the side of the 
reinforcing band nearest the closure joint, and gages 3 and 4 were 
placed approximatc~ly under the toe of the jack bracket, all four gages 
being downstream from the closure joint. The distance from gage 
locations to the edge of the pipe in the joint was 20 inches for gages 1 
and 2; and approximately 44.5 inches for gages 3 and 4. The odd
numbered gages were used to measure the strain in the axial direction; 
and the even-numbered ones, the strain in the circumferential direction. 

A comparison of the observed and calculated stresses in penstock 
N-6 under conditions prevailing at the time prestressing was com
pleted, with a gap opening of 0.579 inches and a pipe temperature of 
74° F., is shown in the following tabulation, tension being considered 
positive and compression negative: 

Gage No. Axial stress (pounds Circumferential stress 
per square inch) (pounds per sq. inch) 

Observed Calculated Observed Calculated 

1 and 2 _______________________ -12, 045 -14, 900 +891 -1, 540 
3 and 4 _______________________ +695 +3, 900 +9, 260 +4, 720 
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An in pection of illC' upstream end of ancl10r 1 hm\·ed no cracks or 
other evicl cnce of movc•mcnt due to applicnLion of the pre tressing 
loads. The downstream face of anchor 2 showed a crack between 
the fa ce of the anchor and the shelf which forms a support for the 
penstock. This crack was about 0.02 of an inch wide and was ob
served after the prestress load had been applied. It is not known 
whether the crack existed previously. The upstream face of anchor 
2 showed no visible effects of prestr essing. Tbjs anchor was not 
grouted n t the t ime penstock N - 6 \Yas prestressed. 

When prcstre i11g of t he penstock had been completed , the filler 
ring, mad e in ix cgrnents witb the edges carefully planed , was 
inserted , welded in plnec, all<1 calked flush w iLl! Lhc insid e surface of 
Llw pipe hell ; and Lhc jacks were released. 

I." JC:Un: l ·H:!.- .JACJ\i-i A1\D ~TIU -TS 11\ POHITI Ol\ FOI -l Pn i·;:::;·I' LlES::l l l\C: 
30-FOOT JJ I·:ADI·:IL 

In prestressing all other pens tocks, the procedure \Vas varied 
slightly from that followed in prestressing penstock N - 6 in that no 
strain gages for Lhc observation of secondary stresses were employed, 
but strain-gngc readings were taken on the jack links to cl ctorminc 
the amou ut of load applied by the jacks. Tbc loacl so dcLcrmin cd 
were tc• rm od obse rved jack loads, and avcrn ge vn lue arc shown in 
Lublc 21 for compari::;ou wiLh the comp u Led minimum jack loads 
requircu. 



13'-0"I.D penstocks----

header 

JACKS 

13'-o" I. D. penstocks ··--

30'-o" I D 

LOCATION OF PRESTRESS 
UPPER NEVADA 

FIGURE 149.-LOCATION OF PRESTRESS .JOIXTS AND TYPICAL ARRAKGEMENT OF .JACKS. 
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192. Sequence of Prestressing in Upper Nevada Unit.-The pre
stressing of penstock N-6 of the upper Nevada unit as just described 
\vas performed September 18 to 21, 1935. Following this, the headers 
and remaining penstocks of the upper Nevada unit were prestressed 
in, the following order: the 30-foot header; penstocks N-4 and N-2; 
the 25-foot header; and penstock N-8. Prestressing of the unit was 
completed on October 28, 1935. 

193. Upper Nevada 30-Foot Header.-The upper Nevada penstock 
header, 30 feet in diameter and 829.58 feet lo·ng between anchors, 
was prestressed with the pipe at an average temperature of 77° F. 
The average difference in temperature between top and bottom of 
the pipe was 3.73°. The closure joint where the jacks were installed 
is between pipe sections, UN-28 and UN-29, approximately midway 
between anchors 3 and 5. The prestress load applied to the pipe 
was measured by strain-gage readings taken on the jack links, using 
20-inch Berry-type strain gages. The arangement of the jacks is 
shown in figures 147 and 148. Analysis of the strain-gage data showed 
that a compressive force of 47.7 tons per jack, or a total force of ap
proximately 13.5 million pounds for the 141 jacks used, was actually 
applied in order to produce the required prestress in the pipe. The 
computed load was 47.5 tons per jack. 

Strain-gage readings were taken on the inside of the pipe where the 
highest secondary stresses were expected. For this purpose, both 
Huggenberger tensometers and optical strain gages were used. The 
Huggenberger tensometers, referred to as gages 1 to 4, inclusive, 
were placed in pairs, gages 1 and 2 being located downstream and 
gages 3 and 4 upstream from the closure joint. The odd-numbered 
gages measured strains in the axial direction, and the even-numbered 
gages those in the circumferential direction. Gages 1 and 2 were 
20 inches, and gages 3 and 4 were 31.5 inches from the end of the pipe 
section. The following is a comparison of the observed and calculated 
stresses for a full gap opening at an average pipe temperature of 75° 
F., tension being considered positive and compression negative: 

Axial stress (pounds Circumferential stress 
Gage No. (pounds per square per square inch) inch) 

I and 2_ _ _ _ _ _ _ _ _ _ _ _ _ _ -I Observed Calculated Observed Calculated 
-22, 400 -22,800 -350 +4. 220 

3 and 4 _______________________ -14, 400 -23,800 -1, 040 +4, 080 
i 

--- ------··-

It will be noted that the maximum secondary stresses were obtained 
from gages 1 and 2. · 
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Twelve optical strain gages were used, arranged in pairs, to read 
strains at right angles on the inside of the pipe. Six of these were 
mounted to read strains on the joint side of the reinforcing band, and 
six were located opposite the bearing plate of the jack brackets away 
from the prestress joint. The data obtained therewith indicated a 
maximum compressive stress of 20,000 pounds per square inch oppo
site the joint side of the reinforcing band, and 2,000 pounds per square 
inch tension on the inside of the pipe opposite the bearing plate. 

Gap-width measurements taken before prestressing were 1.64 7, 
1.663, 1.632, and 1.479 inches, respectively, at the top, right side, 
bottom, and left side of the pipe. The computed additional average 
gap width to be produced by prestressing was 2.1:32 inches. In other 
words, to produce in the upper Nevada 30-foot header a contraction 
equivalent to that which would result from a drop in temperature 
to 45°) the pipe was compressed a distance of 2.132 inches. The 
computed filler-ring widths were 3.779, 3.795, 3.764, and 3.611 inches, 
respectively, at the top, right side, bottom, and left side of the pipe. 

An inspection of the downstream face of anchor 3 and the upstream 
face of anchor 5 revealed no evidence of movement under the prestress 
loads. An inspection of more than one-half of the stiffener rings 
between anchors 3 and 5 revealed no evidence of overstressing in any 
of the rings due to prestressing. 1{casurements taken in the radial 
direction between the pipe shell and the tunnel lining at 10 locations, 
to determine the mnount of deflection in the section containing the 
four 30- by 13-foot bra.nch connections, during prestressing, showed 
a maximum change of 0.079 inch. 

194. Upper Nevada 25-Foot Header.-As indicated in section 192, 
the upper K evada 25-foot header, prestressed October 22 and 23, was 
the fifth pipe to be prestressed. Prestressing of this header followed 
completion of operations on penstock N-6, the 30-foot header, pen
stock K-4, and penstock N-2 of the upper Nevada unit, in the order 
given. The work was done with extreme care and the pipe was closely 
watched, since there appeared to be greater danger of producing 
stresses beyond the elastic limit than in any of the pipes previously 
pres tressed. 

The length of pipe between anchors is 256.47 feet, and the prestress 
closure joint is betwem1 pipe sections UN-62 and UN-63, see figure 9. 
Four Huggenberger tensometers and eight optical strain gages were 
mounted on the inside of the pipe for observation of sec<;mdary strt>sses. 
Twenty 8-inch strain gages, located in groups of five near the ends of 
the vertical and horizontal diameters of the pipe, were mounted on the 
jack links. No stress readings were taken before prestressing was 
begun in order to permit a check on the jack loads before the joint 
had been opened the full amount. 
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At about two-thirds prestress everything was found to be in good 
agreemen(, so the pres.tressing was continued until the joint was 
nearly fully open. The temperature of the pipe had risen somewhat 
in the meantime, which made it inadvisable to open the Joint the full 
amount of the calculated gap opening. The remaining amount plus 
the ~mount needed for clearance for insertion of the filler ring was 
obtained just before placing the filler ring, at which time the tempera
ture had lo\vered. 

Readings on the gages and jack links were obtained at the time the 
joint had been brought to the nearly open position. The Huggen
bergcr tensometers and optical strain gages were all placed opposite 
the weld along the side of the reinforcing band nearest the prestress 
closure joint. Huggenberger tensometers 1 and 2 and optical strain 
gages 5 and 6, and 9 and 10, were placed in pairs downstream from the 
joint. Huggenberger tensometers 3 a.nd 4 and optical strain gages 7 
and 8, and 11 and 12, were placed in pairs upstream from the joint. 
The gages were approximately 28.5 inches from the edge of the plate 
on the downstream side and 21.7 inches from the edge of the plate on 
the upstream side. The following results were obtained, tension being 
considered positive and compression negative: 

Axial stress (pounds I Circumferent.ial stress 

Gage No. 
per square inch) (pounds per square inch) 

Observed Calculated Observed I Calculated 

-------------------------~--------

~ :::~ ~0::==::::::::::::::::: )--------- -26,472 -- ------- +9, 644 

1 and 2_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -25, 600 _________ ~ - 1, 080 
5 and 6_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -28, 700 _ _ _ _ _ _ _ _ _ _ -5, 600 
9 an q 10 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - 23, 300 _ _ _ _ _ _ _ _ _ _ - 990 _________ _ 

+9, 693 u~~}i~::===:::::=::=:::=::J-----:-- -25,720 _________ _ 
3 and 4 ________________________ -14, 6a0 ---------- -1,220 

1 

_________ _ 

7 and 8-----------------------1 -21,600 __________ -2, 100 _________ _ 
11 and 12 _____________________ -21,400 __________ -4,400 _________ _ 

I 

The operation of the optical gages was very satisfactory in this case. 
The comparison shown above is for a joint opening of 0.615 inch and 
a pipe temperature of 75.65° F. The strain-gage readings on the jack 
links showed an average load of 49.2 tons per jack as compared with a 
computed value of 44 tons per jack under the stated conditions of gap 
opening and temperature. 

The downstream faee of anchor 5 and the upstream face of anchor 6 
were observed both before the after prestressing. In both cases hair 
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FIGUB.E 150.-TYPJ CAL CLO~CB.E JOI~T A:\D 1:\STALLATIOX F0l{ 
P Ln:,"I' RES I:\ G. 

cracks developed at Lh junction of the tunnel lining and the face of 
th e anchor during the prestrc ing. These indicated some movement 
of Lhe anchors but of so small an amount as Lo be of no co nsequ ence 
as regards iLs influence on the adequacy of prcsLress obLai.11 ed. 

195. Upper Arizona Penstock and Outlet Header.- The entire upper 
Arizona header, including Lhc 30-foot pipe of the penstock header and 
the 25-foot pipe of the outlet header , "·as prestressed .Kovember 23 to 
26, 1935, in one operation, by working in stages alLcrnately from the 
prestress closure joint between pipe sections UA- 28 and UA- 29 in 
the 30-foot header, and the joint between s c· Lions A- 56 and UA-
57 in the 25-foot header. Th maximum allowable pre trc sing force 
on anchor 5 between the two headers wa e timated a t 4,000,000 
pounds, and in order Lo keep wiLhin this limit th e following proceclu re 
,\·as followed . The 30-foo t p ipe was fu·st pre tn.'S eel one-third of Lh e 
r eq uired amount and the 25-foot pipe was pres tressed onc-balf of th e 
required amount. The 30-foot pipe wa n ext prestressed anoth er one
third of the required amount ; and the 25-foo t pipe was prestressed the 
r emaining one-half of the required amount, to completion. FinaUy, 
the 30-foot pipe wa prestre eel the remaining one-Lhird of th e re
quired amount, to completion . An analysis of the pres tressing fotTe 
showed that the maximum di.fl'erential force on the anchor b etween Llte 
30-foot pipe and the 25-foot pipe "·as less than 4,000,000 pounds. 
Analysis of s train-gage data showed an average load of 41.7 tons per 
jack as compared with a computed load of 41.5 tons per jack, for tho 
30-foot pipe; and an average load of 41.5 tons per jack as compared 
with a computed load of 40.0 tons per jack, for the 25-foot pipe. 

The lengLh of the 30-foot pipe betwceu anchor i 810.9 feet . The 
average temperature at time of closure was 72 .49° F. ancl the average 
difl'crcnce in temperature bet\,·een top and bottom of pipe \\·a 4.:H 0 . 

The compuLed opening of the closure joinL to be produ ced by p re
stressing was 1.792 inches. 
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The length of the 25-foot pipe between anchors is 178.19 feet. The 
average temperature of the pipe was 70.74° F., and the average 
difference in temperature between top and bottom of pipe was 3.89°. 
The computed opening of the joint to be produced by prestressing was 
0.369 inch. 

196. Lower Nevada Header, Straight Section.-The lower Nevada 
30-foot header and that part of the 25-foot header upstream from 
anchor 7 \vas prestressed in one operation, by \Vorking in alternate 
stages from the prestress closure joints downstream from pipe sections 
LN-37 and LN-70, respectively, following the same procedure as 
adopted for the upper Arizona header. The maximum allowable 
prestressing force on the anchor between the headers was estimated 
at 6,000,000 pounds. Analysis of strain-gage data showed an aver
age load of ~5.3 tons per jack as compared with a computed load of 
39.5 tons per jack, for the 30-foot pipe and an average load of 48.8 
tons per jack as compared with a computed load of 43.3 tons per 
jack, for the 25-foot pipe. 

The length of the ~10-foot pipe between anchors is 846.99 feet. The 
average temperature of the pipe at time of closure was 62.04° F., 
and the average difference in temperature between top and bottom 
of pipe was 1.87°. The computed joint opening to be produced by 
prestressing was 1.161 inches. 

The length of the 25-foot pipe between anchors is 274.20 feet. 
The average temperature of the pipe was 59.53° F., and the average 
difference in temperature between top and bottom of pipe was 1.46°. 
The computed joint opening to be produced by prestressing was 
0.320 inch. 

197. Lower Nevada Header, Curved Section.-The only horizontal 
curve in those portions of the headers not embedded in concrete is 
near the downstream end of the lower Nevada outlet header. The 
curved portion of the 25-foot header is supported by 11 concrete 
cradles, see figure 78, which were designed to carry the horizontal 
thrust as described in chapter V. A prestress closure joint located 
about midway of the curve presented problems not encountered in 
other portions of the penstock and outlet system. Considerable 
care was required in order to prevent damage to the cradles and 
anchors, and to the pipe itself. 

The approved prestressing procedure, as determined in advance, 
contemplated that an initial gap not less than five-sixteenths of an 
inch wide should be left at the prestress joint between sections LN-80 
and LN-81, in order to eliminate the possibility of any interference 
between adjoining plates at time of closure. The width of filler to be 
placed in the joint for proper prestress could tht>n be ea.lculated from 
a simultaneous set of temperature readings and gap-width measure-
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ments:- After the concrete cradles had been completed and the joint 
was ready for prestressing, it was found that the required initial gap 
opening had not been provided and that the plates adjacent to the 
prestress joint were in contact over about one-third of the circum
ference. Under the circumstances, it was necessary either to cool 
the pipe until the plates separated of their own accord, or to devise 
some method for determining the interference that existed at the 
joint. The latter alternative was followed, and the joint was jacked 
open and the applied prestress force determined by taking strain
gage readings on the jack links. From the data so obtained, the 
interference existing before the application of any prestress force 
was determined. 

Computation of gap width for proper prestress was based on data 
obtained from strain-gage readings on the jack links and the cor
responding pipe temperatures and gap-width measurements. These 
data are given in the following tabulation: 

Pipe tern- Gap-width Measured 

Load condition perature increment jack load 
(0 F.) (inches) (tons per 

jack) 

InitiaL ___________________________ 70. 42 0 0 
No. 1 _____________________________ 70. 37 0. 426 58. 46 
No. 2 _____________________________ 70. 56 . 216 31. 88 
No. 3 _____________________________ 69. 15 . 557 74. 44 

As a result of computations from load conditions 1 and 2, it was 
found that an average interference of 0.0:36 inch existed at the joint 
when the initial measurements were made. The calculated load for 
condition 3, as determined from conditions 1 and 2, was 67.72 tons 
per jack, the calculations being based on the assumption that the 
friction force is proportional to the load. Since the observed load was 
74.44 tons per jack, it was concluded that the coefficient of friction of 
the pipe on the concrete saddles is not a constant but varies with the 
load. This variation made it difficult to estimate a correction for the 
initial contact of plates at the prestress joint. 

If the plates at the prestress joint had been in contact but under no 
stress when the gap was measured, the proper filler width would have 
been obtained by adding to the observed gap an increment of 0.570 
inch. The filler actually placed provides for an increment of 0.499 
inch, which would cause a deficiency in prestress of not exceeding 
3.2° F .. 

A study of stress conditions in the pipe and saddles indicated that no 
undesirable stress concentration would result in the pipe shell, the 
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fillet inserts, or the pinned girth joints under any operating condition, 
if the pipe were prestressed for an equivalent temperature of from 3"5° 
to 55° F. Since the actual prestressing indicates an equivalent tem
perature of prestress of from 42° to 52°, the prestressing of the lower 
Nevada bend \Vas considered satisfactory. 

198. Lower Arizona Penstock and Outlet Header.-The lower 
Arizona header, having a total length of 1,525.41 feet between anchors 
3 and 6, was prestressed in alternate stages, following the same pro
cedure that had been adopted in prestressing the other similar headers. 
The work was done from prestress closure joints downstream from 
pipe sections LA-38 and LA-70, respectively. The maximum allow
able prestress force on the anchor between the 30-:foot pipe and the 
25-foot pipe was estimated at 6,000,000 pounds. In order not to ex
ceed this limit the 30-foot header was prestressed in three approximate
ly equal stages, alternating with the 25-foot header which was pre
stressed in two equal stages. 

For the 30-foot pipe, analysis of the strain-gage data showed an 
average load of 45.3 tons per jack as compared with a computed load 
of 44.8 tons per jack. The temperature of the pipe at the time the 
jack loads were measured was 64.72° F., and the computed gap open
ing to be produced by prestressing was 1.319 inches. For the 25-foot 
pipe, analysis of strain-gage data showed an average load of 42.8 
tons per jack as compared with a calculated load of 38.5 tons per jack. 
The pipe temperature was 63.04°, and the computed joint opening to 
be produced by prestressing was 0.790 inch. 

Prestressing of the lower Arizona header was in progress February 
29 to l\1arch 4, 1936. l\tarch 4, 1936, marked the completion of all 
prestressing operations. 





CHAPTER X-TESTING 

199. Introduction.-Paragraph 45 of specifications No. 534, coYer 
ing the manufacture and erection of the pipes of the penstock and 
outlet system, provided that all sections having power penstock branch 
connections and all wye branches should be given a hydrostatic pres
sure test to 1% times the working pressure, and under this pressure 
should be free fron1 leakage; and provided further that during such 
tests of branch connections and wye branches, a coat of whitewash 
should be applied, which should not flake under test. It was also 
provided that after the foregoing tests had been made, ham-mer 
testing should be applied to all sections while under full pressure, using 
hammers of sui table weight for the thickness of plate in the section, in 
the manner required in rules for the fusion process of welding, class 1, 
of the A. S. l\1. E. Boiler Construction Code, Unfired Pressure Vessel 
Section. It was specified that the contractor should furnish water for 
testing, and that any bulkheads used for testing pipes 13 feet in 
diameter or less should remain the property of the Government. 

It was further provided, in paragraph 47 of the specifications, that 
after the pipes in each of the four units had been completed, they 
should be tested under the reservoir head existing at the time; and 
that any leaks or other defects found during such tests should be 
repaired by the contractor to the satisfaction of the contracting officer. 
It was also provided that in case any hydrostatic test should be made 
before water from the reservoir could be supplied through the gates of 
the intake towers, the Government would supply water and any 
necessary piping for making such test. 

Since a test under existing reservoir pressures as provided in para
graph 4 7 of the specifications would not prove the safety of the design 
nor disclose any inherent defects in the material or workmanship of 
those parts not specially tested under provisions of paragraph 45, and 
moreover, since separate tests of the 30- by 13-foot branch connections 
had not been required because of both the impracticability and the 
excessive cost of making such tests, it was deen1ed advisable to test 
the pipe under such a pressure, in excess of the maxin1um working 
pressure, as would establish some measure of proven strength and 
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stability in the penstock and outlet system. After full consideration 
of the matter, it was finally decided to apply an internal hydrostatic 
pressure sufficiently higher than the maximum operating pressure plus 
computed water-hammer as to reduce the possibility of rupture in 
service due to accidental and unforeseeable causes, such as surges 
resulting from errors in operation or failure of relief valves or other 
auxiliary apparatus. This test was performed by the general con
tractor under an extra work order dated December 7, 1935. 

The pipe is designed for a maximum hoop tension of 18,000 pounds 
per square inch, giving a factor of safety of 2.1, the minimum yield 
strength of the steel plate being 38,000 pounds per square inch. Certain 
penstocks have been tested with hydrostatic pressures high enough to 
produce slight plastic deformations, this being COil).mon practice with 
manufacturers of banded pipe. fio,vever, stressing the Hoover Dam 
penstock and outlet pipes above the yield strength was considered 
inadvisable, since the steel plate used therein is of higher carbon con
tent than that usually employed and probably would not 'vit.hstand 
the same degree of plastic ftov.r. No objections could be found, 
however, against the use of test pressures developing stresses equal to 
80 percent of the yield strength, or about 30,000 pounds per square 
inch, since the welded joints were required to have an efficiency of 100 
percent. To develop a maximum stress approximating 30,000 pounds 
per square inch would require a test pressure equivalent to about 
150 percent of the maximum operating pressure. It was not possible 

TABLE 22.-PRESSURE CONDITIONS IN PENSTOCK AND OUTLET 
PIPES 

[With pressure of 250 pounds per square inch at elevation 890] 

Operating condi- Test conditions tions 

I 
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Beginning of 30-foot head-
ers ____________________ 890 331 5 336 578 242 72. 0 2, 700 

Lower end of 13-foot pen-stocks _________________ 637 .;>84 37 621 831 210 33. 8 24, 100 
Center line of upper 25-foot 

outlet headers __________ 820 401 26 
Center line of lower 25-foot 

427 648 221 51. 6 27, 300 

outlet headers __________ 647 574 34 
I 

608 821 213 35. 0 24,300 
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to subject all the pipes to a uniform pressure, however, because of 
differences in elevation. As a matter of practical application, it was 
finally concluded to use a hydrostatic test pressure of 250 pounds per 
square inch at the upper ends of the 30-foot penstock and outlet 
headers, elevation 890. "\Vith this pressure applied at these points, the 
pressure conditions in other parts of the penstock and outlet systems 
would be as given in table 22. 

The stresses which the test pressures would produce in those sec
tions of the steel pipe surrounded by concrete and rock were com
puted by the following formula: 

Tension in steel 
p 

where 
r=radius of pipe in inches. 
p=internal water pressure in pounds per square inch. 
t= thickness of pipe shell in inches. 

Es=modulus of elasticity of steel, taken as 30,000,000 pounds per 
square inch. "' . 

ER=modulus of elasticity of rock and concrete, taken as 3,000,000 
pounds per sqwtre inch. 

!J.R= Poisson's ratio for rock and concrete, taken as 0.20. 

Stresses which would be produced in those portions of the pipe line 
supported on piers in the open tunnels were estimated by proportion 
to the design stress of 18,000 pounds per square inch, but in most 
cases the actual test stresses would be less than the figures given 
because of excess thickness of the pipe shell. 

Referring to table 22, it will be observed that with a pressure of 
250 pounds per square inch at the upper ends of the 30-foot headers, 
the pressures in other parts of the penstock and outlet system would 
be as given in column 6. For comparison of these pressures with the 
maximum working head contemplated, including allowance for water
hammer, the excess of test pressure over working pressure for the vari
ous parts of the system is given in the following column; this excess 
will be s·een to vary from 33.8 percent at the lower ends of the pen
stocks to 72 percent at the upper ends of the 30-foot headers. The 
last column in the table shows the equivalent calculated test stresses 
in the pipe. The low value of 2, 700 pounds per square inch for stress 
at the upper end of the 30-foot pipes is explained by the fact that this 
pipe is embedded in concrete, and under this· condition, assuming the 
concrete to be without cracks and the pipe fully backed up, the con
crete takes the larger part of the load, leaving only a small residual 
amount for the steel pipe. If the assumed conditions are not fully 
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realized, the stress in the steel will be increased, but under no condi
tions which appear possible with the actual existing structure does 
there seem ground for anticipating any serious stress in the parts of 
the pipe line embedded in concrete. 

The average test stresses at the ends of the 13-foot penstocks, at 
the center lines of the lower 25-foot headers, and at the center lines of 
the upper 25-foot headers are 24,100, 24,:~00, and 27,300 pounds per 
square inch, respectively, equivalent to about 63, 64, and 72 percent 
of the minimum yield point of the steel. 

The question may arise as to the reason for the difference in the 
percentage overpressure as proposed for the upper and lower level 
headers. In this connection it may be pointed out that the actual 
overpressures expressed in feet of head arc nearly the same in all cases 
and that the wide differences in percentage values arise from the 
differences in the pressures taken as the base for computation. Thus 
the excess head in feet at the upper end of the 30-foot headers is 242; 
at the upper 25-foot headers, 221; at the lower 25-foot headers, 213; 
and at the lower end of the 13-foot penstocks, 210. 

In general, use of a test pressure '50 percent in excess of the maximum 
operating pressure is the accepted standard practice for testing 
hydraulic pipe lines. Due to conditions resulting from variations in 
level of the various pipes, it was not possible to carry out a test in the 
general manner proposed, which was the only praetieable procedure, 
and at the same time give to each portion of the system a fixed or 
standard value of overpressure load. However, since the general 
average of the conditions resulting from the adopted schedule of 
pressures approximates the desired standard as closely as practicable 
under the circumstanees, the test may reasonably be considered as 
equivalent to a 50 pereent overload test. 

Although the hammer test, consisting of hammering or sledging 
the welded seams with the pipe under pressure, was used in testing 
some of the 13- by 9-foot 'vyes, as described in chapter VII, its use 
was discontinued by order of the Bureau of Reclamation following 
the failure of a penstock at the New Kanawha power plant, the 
failure being attributed to this method of testing. The conclusion 
that use of the hammer test was inadvisable in testing the completed 
pipe lines was supported by the following considerations: (1) Hammer 
testing subjects a pipe line to conditions which have no parallel in 
the conditions of operation, including concentrated stresses resulting 
in the development of sharp vibrations or acoustic waves with possible 
mutual reinforcement at critical points in the structure, and in no 
case representing conditions of so-called water-hammer or any other 
conditions of normal operation. (2) There is some reason to question 
whether, as a result of such test under high pressure, large steel 
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structures may not be subjected to conditions of stress quite beyond 
anything contemplated or proper in a normal program of testing. 

In accordance with the extra work order for testing the penstocks 
u.p.der 1)~ times t'he maximum operating pressures, as described herein, 
the general contractor was required to furnish the necessary labor, 
materials, equipment, and supplies and fabricate a 30-foot diameter 
steel bulkhead and install it successively in each of the 30-foot steel 
penstocks in locations as directed by the contracting officer. The 
bulkhead was to be used while the penstocks were being subjected to 
hydrostatic tests which were to be conducted by the Government 
after the tests required under specifications No. 534 had been satis
factorily completed and each penstock accepted. The bulkhead was 
to be successively placed and pinned in each of the four penstocks, 
and, after completion of all hydrostatic tests on the penstock, it was 
to be removed and the pin holes on the pipe shell for bulkhead installa
tion were to be plugged in a manner satisfactory to the contracting 
officer. The contractor was required to guarantee the adequacy of 
the bulkhead and pin connection to withstand the full head proposed 
for the tests and was responsible for and required to repair any dam
age to the bulkhead or the penstock section at the point of connection 
which might result from failure or partial failure of the bulkhead 
during the tests. The contractor was required to equip the bulk
head with two 10-inch check-valves and to furnish and install one 
8-indt air vent. For furnishing the above equipment and performing 
the above operations, the contractor was to be paid the lump sum of 
$114,805. 

By a later extra work order, the contractor was required to furnish 
and install purnping equipment, pipes, and other necessary similar 
equipment, and supply electric power for testing the penstock and 
outlet system. 

200. General Program and Procedure.-In general terms, the pro
gram finally fonuulated for the hydrostatic test of each of the four 
units of the penstock and outlet system involved the following steps 
after closing of the pipes to be tested, the steps being written in the 
forn1 of instructions to the operators: 

1. Fill the pipes to the existing elevation of the water level 
in the regervoir, as provided in paragraph 4 7 of specifications No. 
534, then exa.mine carefully, and if found satisfactory, or made so 
by the contractor by calking or providing necessary and accept
able repairs, accept them as cornplying with the terms of tha 
contract. 

2. lng.rease the pressure, by pumping, to the normal maxinn1m 
working pressure, while carefully inspecting the pipe and noting 
all leaks or questionable· conditions. 
819135°--49----22 
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3. Hold the pressure at normal maximum working pressure 
for a period sufficient to permit a tJwrough inspection of the entire 
unit, noting any leaks, defects, or questionable conditions, and 
repairing any defects likely to cause trouble during the next opera-
tion before proceeding with the test. · 

4. With all inspectors withdrawn from the tunnels, gradually 
increase the pressure to the maximum test pressure, and maintain 
this pressure for a period of 12 hours. 

5. Gradu~Jly reduce the pressure to the normal maximum 
working pressure, and hold this pressure during a second thorough 
inspection of all pipes in the unit, noting any leaks, defects, or 
questionable conditions not existing at the time of the previous 
examination. 

6. l\r1aintain pipes under normal maximum working pressure 
until all leaks are calked tight. 

7. Release pressure and drain pipes. 

To provide for the release and the inflow of air during the filling 
and draining of the pipes, respectively, an 8-inel1 vent pipe was in
stalled at the 12- or 14-inch drain located near the upstream end of the 
horizontal portion of each 30-foot header. This vent pipe was extended 
upward from the drain to within 2 inches of the top of the pipe shell, 
and was provided with a gate valve in the outside of the header for 
closing the air vent during the pressure test. 

During the tests the lower· ends of the penstocks were closed by 
cast-steel bulkheads bolted to the flanged ends of the penstocks. In 
the upper units the outlet pipes were closed by means of the 96-inch 
emergency gages, also by the 84-inch needle valves where these had 
been installed. In the lower units, the emergency gates and valves 
not having been installed when the tests were made, the outlet pipes 
were closed by plate-steel bulkheads fabricated for that purpose. 

Several methods, depending upon conditions, were followed in fi.lling 
the pipes. In filling each unit, water drawn from the reservoir or 
fr~m the river below the dam was supplemented, if, as, and when neces
sary, by water from hot springs on the Nevada side of the canyon, so 
as to maintain an average temprature of about 70° F. The upper 
Nevada unit was filled largely by means of a 4-inch pipe line connecting 
with the reservoir through the outer Nevada diversion tunnel. Water 
for the upper levels of this unit and for maintaining pressure in the 
unit was pumped from clear water sumps in the tailrace, which was 
unwatered at this time, removal of the downstream cofferdam not 
haYing been completed. The lower Nevada and the lower Arizona 
units were filled by pumping from the powerhouse tailrace. The 
upper Arizona unit was filled by means of the 30-inch station-service 
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penstock to which water was admitted through the upper Nevada 
unit. 

The upper portions of all headers, upstream from the 30-foot test 
bulkhead, were filled to the bases of the in take towers by passing 
water through the swing check-valve in the test head. In this way 
the differential head on the test bulkhead was considerably reduced. 
The check-valve was then closed by means of a compressed-air cylinder 
nnd the pressure applied to the pipes. 

High-head centrifugal pumps were used for developing the pressure 
in the pipes. In order to avoid excess pressure and at the same time 
secure a test equal to one and one-hnlf times the maximum working 
head plus water-hammer, a 3-inch standpipe was installed with gage 
glasses, and with an overflow at the proper elevation. 

The various units of the penstock and outlet system were test<td 
in the follmving order: 

Upper Kevada unit ____________________ Dec. 18-26, 1935, andJan.19-25, 
1936. 

Lower Nevada unit ____________________ Apr. 1-5, 1936. 
Lower Arizona unit ____________________ May 4-11, 1936. 
Upper Arizona unit_ ___________________ July &-10, 1936. 

201. Thirty-Foot Test Bulkhead.-The method of testing finally 
adopted involved the use of a 30-foot diameter hemispherical steel 
bulkhead for closing the upstream end of each unit of the penstock 
and outlet system while it was being tested, the bulkhead to be in
stalled successively in each of the four 30-foot headers. The bulk
head was designed for a pressure of 250 pounds per square inch or a 
total pressure of 25,000,000 pounds on the downstream, concave 
side, and it was first proposed to place the bulkhead at the upstream 

·end of each header. The plan with reference to the location was lat<~r 
changed, the net head remaining the same, and the bulkhead was 
installed immediately downstream from the inclined portion of each 
header, the header upstream from the bulkhead being filled during test 
to the base of the intake tower or to lake level, whichever was the 
higher. The reason for this arrangement was to reduce the difl'er
ential head on the bulkhead and reduce the stresses in the pipe shell 
where the bulkhead was connected. . 

The general features of the bulkhead design are shown in figure 151, 
and the bulkhead installed in one of the 30-foot headers is shown in 
figure 152. The bulkhead was designed by the contractor's engineer
ing organization. The design was reviewed by the Bureau of Re
cla:r;nation; but the Government assumed no responsibility for the 
design, the contractor being responsible therefor, as discussed in 
section 199. 
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FIGURE 152.- VIBW OF BULKHEAD I NSTALLE D I I\ 30-FOOT HEADER. 

The bulkhead was made of cast sLecl and welded-steel plate. I L 
consisted of a central, circular closing section surrounded by eigh t 
segments. Each of these nine sections was provided with cast or 
welded flanges, which were drilled for bol ted connection in order to 
facilitate erection and cLismantling. The bulkhead was designed to 
give a clearance of abou t }~ of an inch from the inside of Lhe pipe 
shell by means of a wedge or wedges of vnriable thickness placed 
between two adjacent segments of the bulkhead. The four sizes of 
wedges used to vary Lhe circumference were %-inch thick at the cenlntl 
closing section, and tapere l uniformally to th eir outer ends which 
wore l X, 2, 2%, and 3?~ inches thick, respecLivcly . By changing to a 
wedge or wedges of greater thickness, the circumference of the bulk
head could be increased , sec figure 151. 

To prevent leakage between Lhe bulkhead and pipe shell, a U
sh aped rubber gasket held in place by a s teel retainer ring was pro
vided around the rim of Lhe bulkhead. A manhole was provided in 
the central section, and openings for L>vo 10-iuch swing check-valves 
were provided in the boLLom segment. One of Lhe check-valves was 
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arranged for operation by means of a compressed-air cylinder ·which 
permitted holding the valve open for passing water from- the penstock 
to the upstream side of the test head. 

The pins connecting the test head to the pipe shell ·were 2 inches 
in diameter, and were made of steel which was heat-treated to give 
a yield strength of 150,000 pounds per square inch. There were 
544 pins in all, arranged in three ro\vs around the circumference. 
Each pin was threaded on one end and was provided with a nut, 
rubber_ gasket, and steel washer to prevent leakage around the pin. 
The nuts aided in the extraction of the pins after the test. 

Both the holes and pins were square-ended, the holes being drilled 
only 1% inches deep into the plate so as to preserve as much as pos
sible the strength of the pipe shell. The test head was placed in 
pipe sections that were embedded in concrete, which gave the pipe 
shell considerable additional stiffness. In the upper Arizona' and 
upper Nevada tunnels, the test head was installed in sections UA-7 
and UN-7, respectively, in each of which the pipe shell is 1% inches 
thick; and in the lower tunnels it was placed in sections LA-18 and 
LN-20, wherein the shell thickness is 2% inches. 

DETAILS OF TESTING OPERATIONS 

202. Upper Nevada Unit.-The upper Nevada unit was tested 
December 18 to 26, 1935. The lay-out for the test was so arranged 
as to permit the use of available pumping equipment and pipe that 
had been previously used on the project, and the utilization of existing 
installations of a permanent nature wherever practicable. 

The 30-foot diameter test bulkhead was installed in the :)0-foot 
header, near the bottom of the inchned section leading dmvnward 
from the intake tower. Test bulkheads also were pla.ced at the 
lower ends of the four penstocks of the upper Nevada units, namely, 
penstocks N-2, N-4, N-6, and N-8. Pipe connections with va.lves 
were installed at each test bulkhead for filling and draining the pen
stock unit. The outlets in the N cvada canyon-wall va.lve house were 
closed by means of the paradox emergency gates; and later by means 
of the needle valves, it being found that the pressure in the early 
stages of test filling was not sufficient to cause the emergency gates 
to scat properly. 

The pumping equipment used included a 10-inch pump, capacity 
3,250 gallons per minute at a head of 180 feet, driven by a 200-
horsepower motor; a 6-inch pump, capacity 800 gallons per minute 
at a 500-foot head, driven by a 200-horsepower motor; a 6-inch pump, 
capacity 500 gallons per minute at an 1,100-foot head, driven by a 
250-horsepowcr motor; and a 3-inch pump. The 10-inch pump, 
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taking water from the drainage sump in the central. section of the 
powerhouse, was ·connected by a 6-inch discharge pipe to the down
stream ends of Nevada penstocks N-2 and N-4. From this discharge 
pipe, which was provided with necessary valves for controlling the 
direction of flow, a 4-inch pipe connected with the reservoir, and a 
3-inch riser pipe extended upward via the downstream face of the 
dam and theN evada canyon wall to elevation 1,461, where it connected 
with a tank having a float for controlling the watqr level. A gage 
glass was installed in this 3-inch riser pipe at elevation 1 ,350. The 
lower-head 6-inch pump was installed at a sump in the canyon ncar 
the downstream end of the Arizona wing of the powerhouse, and the 
higher-head 6-inch pump was installed in the N-8 generator pit of 
the po\vcrhouse. Both 6-inch pumps were connected by a 6-inch dis
charge pipe to the lower ends of N cvada penstocks N-6 and N-8; and 
connecting with this same discharge pipe was a pipe from the 3-inch 
pump, which was installed at the end of the adit in the lower Nevada 
header tunnel for the purpose of supplying warm water from the hot 
springs draining into that tunnel. For draining the penstocks after 
completion of the test, the discharge pipe from the two 6-inch pumps, 
provided with valves for controlling the flow, was connected with a 
waste pipe extending downstream to a point below the lower coffer
dam, which had not yet been entirely removed. 

Reservoir water was first directed into the penstocks through the 
4-inch pipe, later supplemented by pumping, and filling of the unit 
was completed at 3 p. m. on December 24. The drain valve con
necting 'vith the air vent was then closed, and pumping was continued 
to place the pipe under the required pressure. The water in the riser 
pipe reached the exist.ing reservoir level at 6:10 p. m., December 24, 
at which time the check:-valve in the 30-foot test bulkhead was.closed, 
pumping was discontinued, and all valves at the penstock bulkheads 
were closed. During the filling of the penstock unit, the temperature 
of the water therein was maintained at 70° F. by use of the warm 
water from the lower K evada header tunnel. 

Careful examination of the pipes of the upper Nevada unit at this 
time revealed no defects; no leakage through any welds; and practically 
no leakage at the pins and butt straps, both of which appeared to be 
extremely tight. As the unit was considered entirely satisfactory 
and fully acceptable as having complied with the specifications, it was 
decided to proceed with the excess pressure test. 

'l'he necessary valves in the supply pipe connecting with penstock 
N-8 were opened and pumping was resumed at 8:22p.m., December 
24. The pressure was gradually increased until 9:35 p. m., when the 
water level in the riser pipe reached approximately elevation 1,150. 
This was found to be the greatest pressure obtainable with the pump-
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ing equipment then in use. Pumping was therefore stopped and the 
head gradually fell to reservoir level, where it remained practically 
constant until pumping was resumed 2 days later, after additional 
pumping equipment had been installed. 

Pumping was resumed at 4:16p.m., December 26. At 4:47p.m. 
the water reached elevation 1,:350 as indicated by the gage glass on the 
riser pipe. At 5:10p.m. the water reached elevation 1,461, as indi
cated by the float in the tank at the top of the riser pipe, at which 
elevation it was maintained for 1 hour by pumping with the pump 
throttled. Beginning at 6:10 p. m., the pressure was gradually 
reduced until6 :35 p.m., when the water level in the riser pipe reached 
elevation 1,350. The ·water was maintained at this level until 8:50 
p. m., while a second examination of the pipe was made. There was 
practically no leakage at the butt straps and no leakage through the 
welds; and it was concluded that the leakage at the pins was neg
ligible, considering the expansion of the pipe due to pressure, and 
could be stopped readily by additional calking. 

The pump was stopped at 8:50p.m., and the water level in the riser 
was gradually reduced to reservoir level where it was maintained until 
the morning of December 28, \Vhen drainage of the unit was begun. 
An examination of the pipes on December 27 indicated practically 
the same conditions as observed during the first examination with the 
head at reservoir level. Drainage of the unit was completed January 
1, 1936. 

After testing of the upper Nevada penstock and outlet unit and 
calking of all leaks which had been discovered during test, an addi
tional pressure test was made ~January 19 to 25, 1936, to check the 
effectiveness of the calking. This second test showed a number of drip 
leaks at some of the pins and a fine fog-like spray at one of the butt 
straps .. These were repaired and the penstock unit was considered 
to be entirely safe at any pressure which could conceivably develop 
during operation. 

203. Defect in Section UN-19.-In calking the upper Nevada unit 
under pressure, a crack was found in section UN-19, the seventh sec
tion downstream from the face of anchor 3. After the pipe was 
drained, the crack, which was about 6 inches long, was carefully 
examined, and a fifteenth·sixteenths-inch diameter plug was drilled 
from its center. An examination of the plug indicated that the defect 
was present in the plate before shipment from the mill, and had been 
welded to a depth of approximately one-eighth inch on one side only, 
now at the outside surface of the pipe. When the plate was rolled in 
the fabricating shop, the crack apparently had opened up slightly, as 
evidenced by the penetration into the crack of red-lead paint used as a 
priming coat. 
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Figure 15:3 shows the etched urfi.l ce of the crack as it appeared in 
the plug, and figure 154 sho,ys Lhe etched surface of the machined 
plug. The shaded area at the top of the photograph indicates a 
urface defect apparently caused by repairing a cl pression in Lhc 

plate by welding. After a careful examination of the crack and 
consideration of evcral proposed mclhods of repair, permission wa 
given the contractor to repair the defect by welding. Preparatory to 
welding, a five-eighths-inch hole was drilled at each end of the crack, 

153.- 'GlU'ACE OF C H.ACK AS IT APPEARED 
DRILLED FRO i PIPE SECTION UK- 19. 
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FIGURE 154.-GRO ND AN D .ETCHED SURFACE OF PLUG 
DRILLE D FROM PIPE SECTION UN-19. 

and the metal on both sides of the pla te was chipped to form V -grooves, 
as shown in figure 155. The pla te was then welded, u sing one-eigh th
inch covered electrodes, and the holes filled wiLL steel plugs. Each 
welding bead was peened to in m e that no high residual stresses 
remained in the weld . It was believed tha t Lhis peening developed 
physical proper ties in Lhc weld wh ich in all proba bility were h igh er 
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than those of the surrounding metal. Radiographs of the completed 
weld showed no defects in the weld and a close fit of the plugs. The 
repair was therefore accepted as satisfactory, and the section has 
given no trouble since. 

204. Lower Nevada Unit.-Hydrostatic pressure test of the lower 
Nevada unit was made April 1 to 5, 1936. Bulkheads were placed 
at the lower ends of Nevada penstocks N-1, N-3, N-5, and N-7; 
and on the flanged ends of the outlet pipes of the tunnel-plug outlet 
works, since the emcrgeney gnt<'S and needle valves had not been in-
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stalled. A 3-inch riser connecting with the lower end of penstock 
N-1 was installed to elevation 1,470. The pumping equipment was 
the same as that used in testing the upper Nevada unit, but the 
installation was. simplified, as the lower cofferdam had now been 
removed and there was water in the tailrace between the wings of 
the powerhouse. 

vVater was first turned into the lower Nevada unit at 1 p. m., 
April 1; and the water level in the ~-inch riser rea.ched elevation 895 
at 10:10 p. m., April 3, and the existing reservoir level, elevation 
906.5, shortly thereafter. Careful examination of the pipes under 
the existing pressure disclosed no leakage. The average temperature 
of the water was about 65.5° F., there being not enough hot water 
available during filling to raise that temperature to the desired 70°. 
Pumping was resumed at 10:30 a. m., April 4, and the level was 
gradually raised to elevation 1,221, which was reached at 11:10 a.m. 
Careful examination at this time disclosed six butt-strap leaks and 
224 pin leaks. A crack was found in the butt strap of section LN-73, 
the defect extending from a pin to the downstream edge of the butt 
strap. 

At 4 p. m., April 4, the water level in the system was lowered to 
elevation 1,050. Pumping was again resumed at 4:25 p. m. and the 
level was gradually raised to elevation 1,460, which was reached at 
6:05 p. m. The level was held at this elevation for 1 hour and was 
then lowered to elevation 1,221 and held there until calking was 
completed. Examination of the unit at this time disclosed no very 
noticea.ble increase in leakage over that observed during the previous 
examination at the same pressure. All leaks were calked tight by 6 
p.m., April 5. 

205. Defect in Section LN-73.-The presence of this defect, which 
was found during inspection while the unit was under a pressure 
equivalent to a reservoir elevation of 1,221, caused considerable doubt 
as to the advisability of proceeding at this time with the test under 
a head increased to elevation 1,468, the proposed maximum. The 
defect consisted of a crack about 1.5 inches long, located at an angular 
distance of about 35° from the top of the pipe, and extending from 
one of the girth-joint pins of the outer row to the outer or unwelded 
edge of the butt strap. 

In order to determine the advisability of proceeding with the test, 
strain-ga.ge readings were taken to ascertain the effect of the fracture 
upon the hoop stress in the butt strap with the pipe under various 
pressures, including that equivalent to a reservoir level at elevation 
1,221. On the basis of this data, the hoop tensions in the defective 
butt strap due to assumed higher reservoir levels, including elevation 
1 ,468, were computed. The investigation indicated that the stresses 
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would not be excessive, and the test was resumed by gradually in
creasing the elevation of the water in the riser pipe, and at the same 
time comparing the actual with the computed stresses under various 
heads, which were found to be in relatively close agreement. 

The defect was repaired by chipping the metal around the crack 
so as to form a V -shaped welding groove; and welding by an expert 
welder, each layer of weld metal being carefully peened. The repaired 
section was ground flush with the butt strap and calked. 

206. Lower Arizona Unit.-The lower Arizona unit of the penstock 
and outlet system was tested May 4 to 11, 1936. The pump and pipe 
lay-outs were similar to those used in units previously tested, including 
the provisions for using warm water from the lower Nevada header 
tunnel. Bulkheads were· placed at the lower ends of the penstocks; 
and also at the ends of the outlet pipes, since the emergency gates 
and needle valves of the tunnel-plug outlet works had not been in
stalled. 

Water was first turned into the lower Arizona unit at 7:30p.m., 
l\1ay 4. At 11:30 p. m., l\1ay 6, when the water level in the 3-inch 
riser had reached elevation 1,221, inspection disclosed a leak in the 
pipe at the junction between the longitudinal and circumferential 
welds on the upstream side of the fillet insert in pipe section LA-24, 
and also a defect in the fillet weld of the outside reinforcing pad of the 
man-hole in the 25-foot pipe at the adit. The pumps were immediately 
stopped, and, after careful investigation, it was concluded to be un
safe to proceed with the test until the defects had been repaired. 
Accordingly, the pipe was drained in order to make repairs. 

After the defects had been repaired as described in the following 
section, and strain measurements indicated a satisfactory condition, 
water was again turned into the unit at 3 a. m., May 9. As the pipe 
had been very thoroughly inspected for leaks when previously filled, 
and as the repairs were found to be satisfactory at the pressure 
conesponding to reservoir elevation 1,221, pumping was continued 
to the maximum pressure col'responding to elevation 1,470, which was 
reached at 3 p. m., l\1ay 10. An inspection made while the pipe 
was under maximum pressure showed that there was no leakage 
where the pipe had been repaired, although some pins which had 
shown slight leakage under the pressure equivalent to elevation 1,221 
were discharging a fine fog-like spray at the higher pressure. The 
pressure was held at the maximum for 1 hour, after which it was 
reduced to a value corresponding to reservoir elevation 1,221, where 
it was maintained until all leaks were calked tight. 

207. Defects in I.ower Arizona Unit.-The defect in section LA-24, 
ncar the inner or river end of the horizontal transverse a.xis of the pipe, 
consisted of a fine hair-like crack about 7.5 inches long in the longi-
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tudinal weld between adjacent plates, crossing the girth weld con
necting the fillet insert and the plates, and extending slightly into the 
fillet insert. 

In order to study the stresses in the region of the defect before 
and after its repair, an initial set of strain-gage readings was taken 
on the inside and outside of the pipe before any chipping or rewelding 
was done, with additional sets taken as repairs were being made, and 
a final set after completion of the repair work. 

As a first step in making the repair, the metal on each side of the 
crack was chipped to form a welding groove. The appearance of the 
chips showed that the crack had occurred in the shop before or during 
stress relieving; also, red-lead paint penetrating the crack showed 
that it existed before the section was moved to the tunnel. After 
the defect had been removed by chipping, the plate was rewelded by 
an expert welder, each layer of weld metal being carefully peened. 
Radiographs taken after completion of repairs showed the work to 
be satisfactory. Final strain-gage readings also indicated a satis
factory condition. 

The crack in the fillet weld in section LA-71 was found to be due 
to a defective weld with slag inclusions and voids. It was chipped 
out and repaired in the same manner as the defect in section LA -24. 
Testing to the maximum pressure corresponding to an assumed reser
voir elevation of 1,470 proved that the repair work on both defects 
was successful. 

208. Upper Arizona Unit-Hydrostatic pressure test of the upper, 
Arizona unit of the penstock and outlet system \vas made July 6 to 
10, 1936. The butterfly valve had been installed on branch penstock 
A-8, hence no bulkhead was needed at this location. Bulkheads 
were placed at the lower ends of penstocks A-1, A-4, A-6, and branch 
penstock A-9. A 3-inch riser was installed from the A-1 bulkhead, 
extending to elevation 1,470, and a vertical air vent was installed 
through the drain connection in section UA-13. The unit \vas filled 
through the 30-inch station-service penstock, which connects with 
penstock A-1. The pump supplying warm water from the lower 
Nevada header tunnel and the pumps taking water from the tailrace 
were the same as those used for testing the other penstock and outlet 
units. 

vVater was first turned into the upper Arizona unit at 5:30 p. m., 
July 6, and pumping was continued until noon of July 7, the pressure 
being increased gradually until the water level in the 3-inch riser 
reached elevation 1,123. It was found impossi~le, because of exces
sive leakage at bulkheads and inadequate pumping facilities, to further 
increase the pressure. VVhile an -additional pump was being installed, 
the pipes were drained for inspection of the 30-foot test bulkhead.. 
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It was found that a piece of rope had lodged in the screen at the check
valve of the bulkhead and apparently prevented the valve from closing 
when pressure was applied. 

\Vater was again turned into the unit through the 30-inch station
service penstock at 8:30 p. m., July 8, and by 12:50 a. m., ~July 9, had 
filled the unit to the top of the 30-foot bulkhead, at which time the 
air vent valve was closed. Filling 'vas continued, and at 8:30 a. m. 
the bulkhead check-valve was closed, at a pressure corresponding to 
reservoir elevation 930. The temperature of the water at this time, 
as observed in the 25-foot outlet header, at the adit, was 70° F. 
Pumping was resumed at 9:27 a. m., July 9, and the water level in the 
riser was gradually raised to elevation 1,221, which was reached at 
10:22 a. m. Careful examination at this time showed very little 
leakage at the pins, but disclosed a crack in the butt strap of section 
UA-51, near the top of the pipe. This crack was discharging a fine 
spray. 

Pumping was resumed at 11:57 a. m., July 9, and the water level 
was gradually raised from elevation 1,221 to elevation 1,345, which 
latter elevation was reached at 12:2~3 p. m. The level was then held 
constant until 2 p. m., when pumping was discontinued. Pumping 
was again resumed at 5 p. m., and the level was gradually raised to 
elevation 1,468, which was reached at 5:34 p. m. The water was 
held at this elevation for 1 hour, after which it was lowered to eleva
tion 1,221, and the work of calking the leaks was started. Only 3 
butt straps and about 200 pins required calking. All leaks we~e 
calked tight by 10:30 a. m., July 10. Pumping was stopped at 10:35 
a. m., and drainage was started at 11 a. m., July 10, and completed 
July 11. 

209. Defect in Section UA-51.-The defect in the butt strap of 
section UA-51 was similar to that found in section LN 73, and con
sisted of a crack extending from a pin hole in the outer row of holes 
to the outer edge of the butt strap. The condition of the crack indi
cated that it developed during erection. The only plausible explana
tion of the cause of the crack is that the fit of the pin in the hole was 
so elose that the metal became overstressed. "\Vith the previous 
experience in the lower Nevada unit as a guide, the test was carried 
to completion under maximum test pressure before making repairs. 
The defect was then repaired in the same manne~ as the one in LN-73. 
Following repair of the defect, the joint was subjected to a hydraulic 
test pressure of 700 pounds per square inch, by the method indicated 
in figure 140, without leakage. 

210. Stresses During Pressure Tests.-During the tests of each of 
the four units, strain-gage readings were taken for the purpose of 
determining the stresses in the stiffener rings of the 30-, 25-, and 
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13-foot pipe. Optical a.nd Berry-type strain gages were used, located 
as indicated in figure 156 . 

. The observed and the computed stresses in the 30- and the 25-foot 
headers of the upper units are shown in figures 157 and 158, respec
tively. The computed stresses were obtained from computations 
made in connection with the design of the stiffener rings. On com
paring the computed and observed stresses shown in these stress 
diagrams for the various heads, it will be seen that they are not in 
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FIGURE 156.-STRAIK-GAGE STATIONS FOR PRESSURE TEST. 

very close agreement, except for tho maximum stress which occurs 
at the bottom of the pipe. The lack of agreement is due principally 
to the fact that the stress computations were based on a pipe having 
point supports at th~ horizontal center of the pipe, the effect of the 
rigidly connected bracket supports not being taken into consideration. 
The theoretical aspect of stress analysis is treated in detail in the 
report on Penstock Analysis and Stiffener Design, published as 
bulletin 5 of part V of this series. 
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LEGEND 
All stresses are in units of one thousand pounds per 

square inch. 
A ... Observed stresses on lower Arizona 25-foot diameter header. 
o ... Observed stresses on lower Nevada/25-foot diameter h~oder: 

FIGURE 158.-STRESSES IN 25-FOOT PIPE DURING PHESSURE TEST. 



CHAPTER XI-CLEANING AND PAINTING 

INTRODUCTION 

211. Summary.-Although the painting or application of the pro
tective coating to the penstock system was a task of small magnitude 
in comparison with many other phases of construction and might 
therefore seem relatively insignificant, it nevertheless was a very 
important part of the work. Since maintenance or repair of the 
inside protective coating would necessarily involve closing down a 
penstock unit and would therefore be very expensive, considering the 
loss in sale of power, the most careful consideration was given to all 
phases of the painting, including the preparation of the surfaces to be 
covered, the kind and quality of the materials to be used, and the 
methods of application. 

A description of any of the activities connected with the construc
tion of Hoover Dam must of necessity be characterized by the use of 
superlatives and to this the painting is no exception. The work 
included in the application of a protective coating of coal-tar enamel to 
the interior surface and a .coating of aluminum paint to the exterior 
surface of approximately 3 miles of pipe ranging from 8X to 30 feet in 
diameter. The interior surface area of the penstock and outlet system 
is 882,660 square feet, and the exterior surface area not in contact 
with concrete is 717,300 square feet. 

As the portable pipe sections were completed in the field fabricating 
shop, the inside surfaces were shot-blasted to bright metal and given 
a priming coat of bituminous or coal-tar primer for protection until 
after installation; and the outside surfaces that would not be covered 
by concrete were cleaned by wire brushing and given a priming coat 
of red lead. 

After the pipe had been erected and tested, the first or temporary 
priming coat was removed from the inside surface by sandblasting. 
A new priming coat of bituminous primer was then applied, which 
was followed by the final coating of coal-tar enamel. The outside 
surface, after it had been cleaned and the red-lead priming coat had 
been repaired, was given two coats of aluminum paint. The bitumi
nous primer and the aluminum were applied by spraying, and the 
enamel was applied hot with hand daubers. 

333 
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The principal materials used in providing the protective coating 
were 670 tons of coal-tar enamel, 4,500 gallons of coal-tar primer, 

· 5,000 gallons of aluminum paint, and 2,000 gallons of red-lead primer. 
The coverage of the coal-tar primer was 400 square feet per gallon; 
that of the aluminum paint, 350 square feet per gallon; and that of 
the coal-tar enamel, two-thirds of a square foot per pound. 

GENERAL REQUIREMENTS 

212. Provisions of Specifications.-Specifications No. 534 covering 
the construction of the penstock and outlet systmn required that 
before the completed pipe sections were moved from the fabricating 
shop, the inside surface of each section should be sandblasted to 
bright metal; the outside surface, including the surfaces of supporting 
brackets and other appurtenances not to be in contact with concrete, 
should be carefully cleaned of all rust, grease, and mill scale by wire 
brushing or other satisfactory method; and both the inside and out
side surfaces should then be given one priming coat of water-gas tar. 
It was also required that, after the pipe sections had been installed in 
the penstock system, all damage to the original or priming coat should 
be repaired and both inside and outside surfaces should then be given 
one cover coat of coal-gas tar applied hot to produce a finished coat
ing not less than one-sixteenth inch in thickness. 

It was provided that all paint materials should be supplied by the 
Government, and that all painting, including sandblasting and 
cleaning, should be done by the contractor building the penstock 
and outlet system. 

213. Final Requirements.-As the result of extensive investigations, 
including a study of the merits of the then newly developed bituminous 
or coal-tar enamel, which was first introduced after publication of the 
original specifications for the construction of the penstock and outlet 
pipes, the paint requirements were revised. The final requirements 
provided that, after being cleaned as directed in the original speci
fications, the inside surface of each pipe section should be given a 
coating of coal-tar primer; and that, after installation in the pipe line 
and necessary repairs to the priming coat, the inside surface of the 
completed pipe should receive one coat of coal-tar enamel, to be 
applied hot and so as to produce a protective coating not less than 
one-sixteenth inch in thickness. 

It was required that the outside surfaces of all sections and appur
tenant parts not to be in contact with concrete, after being cleaned 
as directed in the original specifications, should receive a priming 
coat of red lead, to be followed, after erection and repair of the prim
ing coat, by two coats of aluminum paint. The aluminum paint was 
selected for the outside covering for the reason that it reflects light in 
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the dark tunnels, resists sweating, and in addition, enhances thP
general appearance of the structure. 

BITUMINOUS OR COAL-TAR PRIMER 

214. Composition and Physical Characteristics.-The specifications 
required that the coal-tar primer should consist of coke-oven tar pitch 
and refined coal-tar oils suitably blended -to produce a liquid coating 
which could be applied cold by brushing .or spraying and which 
would produce a suitable bond between the metal and subsequent 
coatings of enamel. It was further specified that the primer should 
contain no benzol or other toxic solvents, no added pigment or inert 
filler, and should show no tendency to liver or settle in the container. 

The physical characteristics of the bituminous primer as required 
by the specifications covering the first and second purchases made in 
1935, consisting of 600 and 1,800 gallons, respectively, are summarized 
in the following tabulation: 

600-gallon lot 1,800-gallon lot 

Viscosity at 60° F., seconds ____________ 30 to 50 ___ -______ _j 
Nonvolatile matter, percent ____________ . 54 minimum __ . ___ _ 
Weight per gallon, pounds _____________ 8.9 to 9.L _______ ._ 
Nonvolatile matter insoluble in carbon 16 maximum _____ _ 

disulfide, percent. 
Initial distillation, ° F ____ _ _ _ _ _ _ _ _ _ _ _ _ _ 190 minimum ____ _ 
Distillation end point, ° F _____________ 420 maximum ____ _ 

25 to 55. 
50 to 75. 
9 to 9.8. 
15 maximum. 

Distillation at 284° F., percent_ __________________________ None. 
Distillation at 392° F., percent_________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 20 to 35. 
Distillation at 572° F., percent_________ _ __ _ _ _ _ _ _ _ _ 3.5 to 50. 
Softening point of distillation residue, 140 to ](:)0 ________ 

1

165 to 200. 
o F. 

215. Testing Methods.-The specifications required that tests of 
the physical and chemical properties of all paint matm~ials should be 
made in accordance with standard methods of the American Society 
for Testing Materials, specifically stipulating the A. S. T. l\1. standard 
methods designated in the following tabulation for the tests included 
in items 2 to 10, inclusive: 

1. Viscosity- Gardner mobilometer, solid plunger, 100 gram 
total weight, 10-centimeter drop. 

2. Nonvolative matter _______________________________ _ 
3. Weight per gallon ________________ ~ ________________ _ 
4. Insoluble in carbon disulfide ________________________ _ 
5. Distillation _______________________________________ _ 

Softening point ___________________________________ _ 
Ash filler _________________________________ ~ _______ _ 

D-255-28. 
D-287-33. 
D-4-27. 
D-2Q-30 
D-36-26. 
D-271-33. 

6. 
7. 
8. 
9. 

Fineness of filler_ _________________________________ D-7-27. 
Specific gravity of enameL __________________________ D-71-27. 

10. Penetration _______________________________________ D-5-25. 
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216. Working Properties.-The specifications further stipulated 
that the primer should have satisfactory working properties as defined 
by good brushing, flowing, and leveling, with a minimum tendency to 
produce bubbles during application. The drying time at 70° F. and 
50 to 65 percent relative humidity of a thinly brushed film (2.8 to 3.2 
grams per square foot) on a clean steel surface was to be such that it 
would no longer be wet to the touch after 30 minutes. 

The coal-tar-primer thinner was required to be a coal-tar distillate 
free from admixture of petroleum products, with distillation as follows: 

Not more than 5 percent at 120° C. 
Not less than 5 percent at 165° C. · 
Not less than 90 percent at 200° C. 
Dry-not above 220° C. 

BITUMINOUS OR COAL-TAR ENAMEL 

217. Composition and Physical Characteristics.-Coal-tar enamel 
for use on the penstocks was obtained in three separate purchases, 
and was of two different grades. The first purchase consisted of 110 
tons of enamel designated as grade B; and the second and third 
purchases consisted of 350 and 200 tons, respectively, of enamel desig
nated as grade A. 

The coal-tar eri.amel first purchased was required to consist of either 
a blend of coal-tar pitches or a mixture of coal-tar pitch and Trinidad 
or Bermudez asphalt, properly blended and processed and containing 
also a mineral silicate filler. No petroleum asphalts, asphaltic waxes, 
asphaltites, or other similar substances were permitted except as 
specifically provided. It was required that the coal-tar pitch be a 
refined coke-oven coal-tar pitch, free from water-gas-tar pitch or 
oil-tar pitch; that the Trinidad or Bermudez asphalt should be of a 
type known respectively as refined Trinidad asphalt or refip.ed Ber
mudez asphalt; and that the silica should be of an amorphous variety 
of such fineness that not less than 80 percent would pass through a 
200:..mesh screen. 

The following physical characteristics were specified for grade B 
enamel: 

Minimum Maximum 
--------------------1-------- ··-- -----

Ring and ball softening point, ° F _______________ _ 
Penetration, hundredths of em.: 

100° F., 100 grams, 5 seconds _______________ _ 
100° F., 50 grams, 5 seconds ________________ _ 
77° F., 250 grams, 30 seconds _______________ _ 

Specific gravity at 77° F ________________________ _ 
Bitumen content, percent _______________________ _ 
Filler content (ash) percent _____________________ _ 

165 

9 
4 
7 

1. 40 
61 
30 

180 

15 
10 
14 

1. 60 
67 
37 
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218. Application and Workability.-The specifications required that 
grade B enamel should have satisfactory working properties as defined 
by the following characteristics: When heated to a temperature of 
425° to 450° F. it should be of such consistency that it would readily 
flow from the spout of a pouring can; and could be daubed easily 
with a fiber brush over a primed surface, the required coating being 
not less than 7{6-inch thick, which might be applied by double brushing. 
It was also specified that at a temperature of 450° the molten enamel 
should not foam badly, should not settle hard in the kettle, nor show 
any signs of burning or decomposing. 

It was further provided that a representative sample of the enamel 
should be carefully heated to 450° F. and applied to clean, smooth, 
soft steel panels 4 inches by 12 inches by %-inch thick which had been 
primed and allowed to dry in a manner best adapted to the use of the 
primer and enamel; that the enamel coating so applied should not be 
less than x6- nor more than }~-inch thick; and that the spreading and 
working qualities observed in making this application, together with 
the character of the resultant surface, should be used as a measure of 
the workability of the enamel. 

219. Toughness and Adhesion.-For the determination of these prop
erties, the specifications provided that steel panels, as previously 
prepared for the application and workability tests and having been 
held at a temperature of 50° F. for 4 hours prior to and during the 
test, should be submitted to a bending test wherein each panel to be 
tested should be supported on suitable knife edges 10 inches apart 
with the enameled side down and should be subjected to a force, 
applied through a knife edge at the center of the panel, that would 
produce a maximum defiection of 1 inch at a uniform rate of 1 inch 
per minute. The appearance of fractures or cracks in the enamel at 
a deflection of less than 0.5 inch, or the scaling or loosening of more 
than 6 square inches of the enamel, constituted a failure in this test. 

220. Decomposition or Alteration.-As provided in the specifications, 
the tendency of the enamel to decompose and the effect of the lo~s 
of volatile constituents on heating at 450° F. was determined by the 
following test. A sample of the enamel, carefully heated to 450° in 
an open-top container and maintained at this temperature for 2 hours, 
was applied to clean, soft steel panels of the kind specified in section 
218. Two enameled panels thus prepared were then tested in accord
ance with the procedure outlined in the previous section for testing 
toughness and adhesion. In this test, however, the occurrence of 
fractures or cracks in the enamel at a deflection of less than 0.25 
inches, or the loosening or scaling of more than 10 square inches of 
the enamel from the steel plates, constituted a failure. 
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221. Specifications for Grade A Enamel.-It was required that the 
bituminous enamel included in the second and third purchases, or 
grade A enamel, should be composed of coal-tar pitch combined with 
a mineral filler, with no admixture of asphalts. 

For the grade A enamel, the following physical characteristics were 
specified: 

Softening point, °F _____________________________ _ 
Ash, percent_ _________________________________ _ 
Fineness of filler, percent through 200-mesh screen __ 
Specific gravity ________________________________ _ 
Penetration, hundredths of em.: 

77° F., 100 grams, 5 seconds_----------------
1150 F., 50 grams, 60 seconds_---------------

Minimum 

210 
20 
90 

1. 45 

1 
8 

Maximum 

230 
30 
08 

1. 55 

6 
20 

222. Working P-roperties of Grade A Enamel.-It was required that 
the grade A enamel, when heated to a temperature of 425° to 475° F. 
should be of such consistency that it would readily flow from the spout 
of a pouring can; and could be easily daubed with a fiber brush over 
a primed surface, the resultant· coating being not less than one 
sixteenth inch thick, which might be provided by double brushing. 
It was also specified that at a temperature of 450° the molten enamel 
should not foam badly, should not settle hard in the kettle, nor show 
any signs of burning or decomposing. 

For determining application and workability, the same tests were 
specified as for the enamel first purchased, except that it was required 
that the enamel coating on the steel panels should be not less than one 
sixteenth nor more than three thirty-seconds of an inch thick. 

With reference to resistance to temperature variations it was 
requi:::ed that two test panels or plates prepared in the manner pre
scribed for the applicatio~ and workability test should show no ten
dency to crack or check when stored at 0° F. for 4 hours, nor to sag 
when stored in a temperature of 150° for 24 hours. 

The tests prescribed for toughness and adhesion, as well as those 
for decomposition and alterations, were practically the same as those 
specified for the grade B enamel, or that first purchased. 

RED-LEAD PRIMER 

223. Composition and Physical Characteristics.-For priming the 
exterior surface of the pipe a ready-mixed paint composed of red-lead 
pigment, raw linseed oil, tw·pentine, and drier in the following 
proportions was specified: 
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Dry red lead ______________________________________ 100 pounds. 
New linseed oil_ _________________________ ---------- 3Ys gallons. 
Turpentine __ . ________________ -- __ -- ____ ------ _____ 27f pints maximum. 
Drier________________________________________ _ _ _ _ 2}f pints maxim urn. 

It was required that the primer should possess the following physical 
characteristics: 

Viscosity at 77° F., seconds _________________________ 30 to 50. 
Weight per gallon, pounds __________________________ 18 to 21. 
Dry red lead, percent by weight _____________________ 65 minimum. 
Varnish vehicle, ·percent by weight (synthetic-resin 35 maximum. 

type). 
Nonvolatile content of vehicle, percent by \\;eight_ _____ 45 minimum. 

ALUMINUM PAINT 

224. Aluminum Mixing Varnish.-For the aluminum paint the 
following ingredients were purchased: 

Aluminum mixing varnish __________________________ 5,000 gallons. 
Aluminum bronze paste ____________________________ 10,000 pounds. 
Prussian blue paste ________________________________ 400 pounds. 

The general requirements for the aluminum mixing varnish were 
that it should be a heat-treated combination of vegetable ons and 
synthetic resins, with volatile thinner added, and should be free from 
toxic hydrocarbons such as benzol or methyl alcohol. The following 
physical characteristics were specified: 

Specific gravity at 77° F _____________ ----------- 0.875 to 0.900. 
Nonvolatile solids, percent by weight __________ .!. ___ 50 minimum. 
Flash point_ ____ • ________________________________ 30° C. minimum. 

Viscosity at 25° 0------------------------------- 0.65 to 1.00 poises 
absolute. 

It was specified that aluminum paint made with this varnish, using 
2 pounds of aluminum paste per gallon of varnish when applied by 
brush or spray to metal test panels and allowed to dry in a vertical 
position, should set to touch in not more than 2 hours at a temperature 
of 70° to 80° F. and a humidity of not over 60 percent, and should 
dry hard and tough in not more than 24 ho~1rs. 

The usual tests were also prescribed for the determination of water 
resistance, leafing, and workability. 

225. Aluminum Paste.-It \vas specified that the aluminum past~ 
should contain not less than 63 percent of aluminum powder, the 
remainder being mineral spirits which should be completely volatile 
at 105° C.; and that it should be produced by grinding the powder 
and the mineral spirits together in ball mills. It was required that 
the aluminum powder should be not less than 99 percent commPrcially 
pure aluminum, m~d should contain no filler or adulterant such as 
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mica. The usual tests were specified for the determination of leafing, 
settling, and the appearance of the painted film. 

226. Prussian Blue Paste.-It was specified that the Prussian blue 
paste in oil should conform in every respect to Federal specification 
TT-P-690, type B. 

PAINTING PROCEDURE 

227. Bonding Test.-The shop coat of coal-tar primer provided a 
satisfactory protection for the interior shot-blasted surface of the 
pipe from the time the sections were fabricated until after they were 
erected and the penstock and outlet system was tested. The thin 
film of primer, however, was so severely oxidized b;y: exposure to the 
air during this period that it was considered unsuitable as a base 
for a new primer coat. Actual tests with apparatus designed to 
measure the bond of the hot-applied bituminous enamel to the steel 
were made on areas where a field priming coat and the enamel were 
applied directly over the shop coat of coal-tar primer, and on other 
areas where a field priming coat and the enamel were applied after 
the shop priming coat had been thoroughly removed. These tests 
showed that the bond of the enamel to the steel was improved approxi
mately 50 percent by removing the shop priming coat before applying 
the bituminous primer and the bituminous enamel to the erected 
pipes. The shop priming coat was therefore entirely removed by 
sandblasting before applying the bituminous or coal-tar primer and 
the enamel. 

228. Sandblasting.-In the 25- and 30-foot pipe the sandblasting 
was done in sections of the pipe closed off by erecting two light, 
two-ply, wooden bulkheads approximately 10 feet apart. The bulk
heads were attached to staging made of 1 X-inch pipe, which supported 
the operating scaffolds; and the .tanks were placed on a platform 
outside the bulkheads. The compressed air for blasting was piped 
from the compressors in the powerhouse. 

The staging and bulkheads were moved on skids by means of 
compressed-air cyclinders. \Vith this type of equipment the blasting 
was done by two operators, working within the enclosure, and two 
helpers who recovered the sand and fed it into the hoppers. Three 
crews, working 8-hour shifts, blasted approximately 10,000 square 
feet of surface daily. In the smallest diameter pipe no bulkheads 
were required, and the blasting was done from a one-stage scaffold. 

229. Priming.-After the pipe of each unit had been erected and 
tested and the inside surface had been sandblasted and thoroughly 
cleaned, one coat of bituminous primer was applied to the cleaned 
surface by spraying. The primer was composed of a high-melting-
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point coal-tar pitch with an admixture of sufficient coal-tar naphtha 
to produce a mixture of the proper consistency for spraying. 

In each unit, the various operations of cleaning, priming, and 
enameling the inside surface were begun at the outlets and continued 
upstream. In· priming the large dia.meter pipe, the floor or invert 
for a width of J 0 to 12 feet was left bare to permit movement of 
equipment, and this strip was primed last, to obviate damage to. the 
coating. 

The temperature inside the pipe during the application of the primer 
ranged from 55° F. during the winter to 75° during the summer. 

Considerable difficulty was experienced during the early stages of 
the work in developing a satisfactory scaffold from which all portions 
of the inside stu·face of the large pipes could be readily reached. The 
scaffold finally adopted and used for all operations made use of 2-inch 
pipe of various lengths, which could be easily joined together or con
nected to other type members as required by means of special clamps. 
This scaffold permitted access to all portions of the inside of the pipe. 
For the work in the large headers, the scaffold units were mounted 
on wheels, the wheel base being 12 feet and the tread 8 feet, and were 
moved by means of compressed air. 

230. Application of Enamel.-The bituminous enamel was prepared 
for application by heating to a temperature of 450° to 495° F. in 
200-gallon electrically heated kettles and was applied within a period 
of 24 to 72 hours after the priming coat by daubing with tampico 
fiber brushes. The kettles as originally built and used at the outset 
of the work proved to be inefficient. They were therefore rebuilt, 
and thereafter proved entirely satisfactory. Each kett]e was equipped 
with an SO-kilowatt electric strip heater and an electrically operated 
mechanical agitator, and was provided with 4 inches of frre-brick 
insulation. 

In applying the enamel, the same general program was followed 
as in applying the primer, the work ordinarily being carried on in 
three shifts. The number of men in each crew ranged from 6 to 13, 
depending on the number of enamelers employed. The most efficient 
enamelers covered approximately 1,500 to 2,000 square feet of surface 
in one 7-hour shift. depending on working conditions. Figures 159 
to 162, inclusive, show the interiors of some of the pipes after being 
painted. 

Proper ventilation was at all times a matter of vital importance in 
maintaining satisfactory working conditions. Application of the hot 
enamel caused the formation of a large amount of obnoxious smoke. 
Although it is not known to be definitely detrimental to the health 
of the worker, prolonged exposure to this smoke is decidedly uncom
fortable and at times almost unbearable. The downstream portion 
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FIGL.RE 1.)\J.- P .\L\Tl:\C I::'\ , 'ID I·: Sl.HFAC'E OF 30-FOOT llEAD J<: lL 

Scaffold in che Foreground 

FIGnu; 160.- ll\TERIOR OF CPP I~ H XEVADA 30-FOOT HEADER 
AFTER PALXTIKG. 
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FlGl,'"RE 161.- 1.:\TERIOR OF LO\VER ARIZOKA 30-FOOT HEADER 
AFTER PAIXTI.:\G. 

of each penstock and outlet unit, bolo,,- the 30- to 25-foot reducer, 
was ventilated by means of an exhaust fan of 150,000 cubic feet per 
minute capacity placed at the outlet end, "·ith a bulld10ad at the 
reducer. For ventilating the ups tream portion of each unit, fans 
ranging in capacity from 501000 to 1501000 cubic feet per minute 
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FlC CH 8 162.-I~TEIUOR OF HEADEit AT BH.A);CH CO); :\I ;~CTIOX 

AFTER PAI);TI~G. 
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were placed at the outlet ends of the penstocks; thes~ fans forced .the 
air upstrean1 and out through the in take towers. 

231. Electrical Inspection of Enameled Surface.-All enameled 
surfaces were electrically inspected for pinholes and other defects. 
The equipment used consisted of a 5,000-volt transformer connected 
to a thil1 copper-wire brush about 3 inches wide by 24 inches long. 
Air bubbles and various other defects, such a.s areas whereon the 
enamel coating was not of the required thickness, caused the high
tension current to short circuit through the coating to the steel pipe, 
thus enabling the inspector to locate any defective work1nanship. 
Each defect so located \vas repaired and the area again tested, the 
operation being repeated if necessary until the test indicated a satis
factory protective coating. 

232. Application of Aluminum.-After each unit of the penstock 
and outlet system had been erected and tested, the outside surface 
of the pipe wa.s thoroughly cleaned by wire brushing; and the original 
shop priming coat of red lead, wherever it had been scuffed or dam
aged, was repaired preparatory to the application of the aluminum 
paint. In applying the original shop priming coat, the outside 
surface of the pipe for about 15 inches at the ends of each fabricated 
section was not covered, in order to protect the workmen from ex
posure to lead poisoning during shrinking of the butt strap forming 
the field girth joint. These portions of the pipe were now carefully 
cleaned and primed with red lead. 

Before proceeding with the cleaning and painting at several places 
in the lower tunnels, it was necessnry to protect the pip<~ against the 
dripping of seepage water frorn the tunnel roof. This was accom
plished by installing srnall pipes to carry the water down the side 
walls of the tunnels. The humidity in the lower tunnels was. so great 
that it \vas nccesary to install an extensive ventilating systen1, includ
ing a number of fans of approximately 50,000 cubic feet per minute 
capacity, in order to prevent condensation on the pipe. 

Two coats of aluminum paint were applied to the outside of the pipe 
by spraying. Initially, in applying the second coating some diffieulty 
\vas experienced in distinguishing it from the first. Prussian blue 
was therefore used as a coloring medium in the first coat to make the 
two applicatjons more easily distinguishable. The painting was car
ried on in three shifts. One spray painter with a helper usually 
covered from 10,000 to 14,000 square feet of surface per shift. 

233. Chronology.-The initial cleaning and priming, which was 
carried on as the portable pipe sections \vcrc con1pleted in the fabri
cating shop, was begun in l\1ay 19;~3 at the time the first sections were 
fabricated. The firial cleaning and painting after the pipe had been 
erected and tested was begun February 21,1936, in the upper Nevada 
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unit. Painting of this unit was completed in ~;fay 1936, and painting 
of the entire penstock and outlet system was completed September 7, 
1936. 

MAINTENANCE 
• ... ;· 

234. Localized Failure of Interior Coating.-On the basis of an 
examination of the upper Arizona unit rnade June 1, 1937, the project 
engineer reported the failure of the interior painting in a few places, 
principally at the tie rods of the penstock connections and near the 
downstream branch outlet pipe, stating tliat the aggregate area from 
which the paint had been displaced approximated 500 square feet, 
largely confined to the in vert. 

As the result of an inspection of the lower Nevada· unit made in 
April 1938, it was reported that about 1,000 square feet of the inside 
surface of the pipe was exposed where the paint had fallen off, princi
pally frorn the upper quadrant. 

After inspecting the interior of the upper Nevada unit on June 28, 
1938, the project engineer reported that the coating on the invert 
had disappeared in some sections in long, longitudinal strips 2 or 3 
feet wide, with several strips in parallel. Tempora.ry coating over the 
exposed areas was provided by two coats of coal-tar pitch. 

235. Summary of Conditions.-Following the report concerning the 
condition of the protective coating in the upper Nevada unit, a thor
ough investigation was made for the purpose of deterrnining the causes 
of the failures noted in this and the two earlier reports. In a report of 
August 1, 1938, covering this investigation, the defective conditions 
then existing were listed and described substantially as follows: 

1. In the upper Arizona and lower Nevada units, comparatively 
small areas of the interior surface of the pipe were found to be 
exposed. Based on the total inside surface area of each unit, 0.2 
percent of the protective coating in the upper Arizona unit and 0.4 
percent of that in the lower Nevada unit had failed. 

2. The exposed areas were confined largely to the invert in 
the upper Arizona unit and to the upper quadrant in the lower 
Nevada unit. 

3. The _exposed areas jn the upper Nevada unit comprised 
about 30 ·percent of the invert, or 10 percent of the total area. 

Certain additional factors which were brought out in the investiga
tjon and which influenced the conclusions obtained therein are dis
cussed in the following paragraphs: 

1. The '"upper Nevada unit was the one first painted. It also 
is the one in which the most extensive failui·e of the protective 
coating occurred. In painting the upper Nevada unit, the enamel-
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ing was begun at the downstream end, proceeding upstream 
ihrough the 25-foot outlet header and then through the 30-foot 
penstock header to the base of the intake tower. In progressing 
upstream in this manner, a strip in the bottom of the headers 
was left unpainted, and this area was painted on the return. 
Grade B enamel was used in the downstream portion of this unit, 
approximately to the upper penstock, and grade A enamel was 
used in the remaining portion of the unit, including the invert, 
as well as exclusively in all other units. 

2. It is known that the electric heating kettles used during the 
painting of the upper Nevada unit did not bring the enamel to 
the proper· application temperature as quickly as desirable. 
This defect was overcome by the time painting was begun in the 
other units. 

3. Inspection of specimens apparently displaced from the invert 
of the upper Nevada unit showed that the protective coating had 
an average thickness of three thirty-seconds of an inch. How
ever, the under surface was smooth and bright, indicating little 
adhesion of the coating to the metal when subjected to the strip
ping action of the water. Qualitative analysis showed the 
coating to be .grade A enamel as expected, since, this enamel was 
used in the invert. 

4. It was noted during painting that numerous blisters devel
oped· in the coating at. the pinned girth joints. These blisters 
undoubtedly resulted from the act.ion of hot enamel on water 
remaining in the· joints from the pressure tests made prior to 
painting. Although these blisters were broken and repainted 
wherever they were noticed, numerous smaller ones must have 
remained and been present when the peqstock system was put 
into service. Presumably, the breaking of these blisters under 
the pressure and action of the water formed the incipient fractures 
wherein the rupture and removal of the protective coating had 
its beginning. 

236. Conclusions.-The conclusions resulting from the inve-stiga
tion were substantially as follows: 

1. The areas exposed by the displacement of the protective 
coating, except in the upp ~r Nevada unit, where 10 percent of 
the total area was exposed, were relatively insignificant, being 
0.2 percent of the total area in the upper Arizona unit and 0.4 
percent of the total area in the lower Nevada unit. Compared 
with the total interior surface area of the entire penstock and 
outlet system, approximately 90C,OOO square feet, the area. ex
posed in the three units affected was about 2}f percent, which is 
819135°--49----24 
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relatively small and is indicative of comparatively low annual 
maintenance cost. The performance of coal-tar enamel on many 
penstocks and water mains has indicated that a decrease in 
maintenance may be expected after making the initial repairs, 
and that such repairs are generally necessitated by defective 
application in the original work rather than actual disintegration 
of the paint. . 

2. Both enamels, grade A and grade B, must be considered to be 
satisfactory materials for the conditions existing in the penstock 
units. Grade A enamel alone was used for those portions of the 
upper Nevada unit wherein the condition of the coating was found 
to be the poorest; and yet this material was found to be satis
factory where used on the top areas of the upper Nevada unit 
and on over 99 percent of the pipe in the other penstock units. 
Where grade B enamel was used, which was only in certain 
portions of the upper Nevada unit, there was no evidence of 
failure reported. 

3. The preparation of the surface was ideal; the priming coat 
was satisfactory, as indicated by the large areas whereon the 
bond was adequate; and the enamel was entirely satisfactory. 

4. Both the appearance of the samples of coating and the 
manner in which the coating was removed conclusively indicate 
that insufficient bond between metal and paint was the cause 
of the failure. 

5. The investigation showed that the heating kettles used 
during the early stages of the work, while much of the upper 
Nevada penstock system \vas being painted, did not bring the 
enamel to proper application temperature as quickly as desirable, 
with the probable result that insufficiently heated enamel was 
sometimes used, :which accounts for the inadequate bond and 
consequent displacement of much of the enamel. In connection 
with tests to determine the bonding strength of enamel at various 
temperatures, it was noted that considerably better bond was 
obtained where the enamel was applied at 480° to 495° F., than 
at 450° to 460°. Where hot enamel is to be applied as a protective 
coating, those responsible for the work should be impressed 
with the fact that the maintenance of the optimum application 
temperature is of major importance. 



CHAPTER XII-AUXILIARY EQUIPMENT 

237. Introduction.-To facilitate the operation and maintenance 
of the Hoover Dam penstock and outlet system the following auxiliary 
installations are provided which will be described in the order named: 
(1) station-service penstock; (2) lighting system; (3) tunnel walkways; 
(4) drainage system; (5) ventilating system; (6) safety doors; and 
(7) piezometer manifold and pitot-tu be installations. 

STATION-SERVICE PENSTOCK 

238. Purpose.-In order to obviate interruption in the operation 
of the station-service generating units that supply power for lighting 
the powerhouse and tunnels and for other purposes, even though any 
one or any three of the four main penstock systmns be out of service, 
an auxiliary station-service penstock was installed, see figure 163. 
This penstock extends across the central portion of the powerhouse, 
connecting with the upstream penstocks from both upper and lower 
penstock hea.ders on each side of the canyon, and connecting with the 
two station-service generating units in the powerhouse. This arraHge
ment of the station-service penstock permits filling any penstock unit 
from any other penstock unit in service and thus avoids the heavy 
surges that \Vould accompany filling the unit from the intake tower. 

239. General Description.-The inlet at either end of the station
service penstock consists of two 30-inch branches extending from the 
upstream penstocks of the upper and lower headers, respectively, see 
figures 163 and 164. These branches converge into a 42-inch header 
which extends to the 30-inch branches leading to the station-service 
turbine in each wing of the powerhouse, as shown in figure 163. The 
central portion of the station-service penstock, or that part extending 
between the station-service units of the two powerhouse wings, con
sists of 36-inch diameter flanged pipe. A series of six 30-inch gate 
valves are provided for control, making it possible to supply water to 
either of the two station-service turbines from any one of the four 
upstream 13-foot penstocks. Five specially designed 30-inch sphere 
valves arc provided for making emergency shut-downs under unbal
anced load, if and when necessary, in any portion of the station-
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FIGURE 164.-STATIOX-SERVICE PENSTOCK CONNECTION TO 
13-FOOT PENSTOCK. 

service penstock. Several outlets are provided in the central portion 
of the penstock for station use. 

The penstock pipe is partly encased in eoncrete and partly suspended 
with straps and bolts from the floor beams above. Portions of the 
42-ineh header and 30-inch branch pipes passing through the expan
sion joint of the powerhouse were painted with tar and wrapped with 
%-inch felt before being eneased in concrete. This was done to pro
tect the pipe a.gainst crushing should any slight movement occur in 
the expansion joint of the powerhouse. The eentral portion in the 
powerhouse was provided with a slip joint to facilitate maintenance 
of the valves and to allow for temperature movements of the pipe. 
The straight-pipe seetions were fabricated of plate steel in the shop 
in lengths up to 21 feet, with joints welded and stress-relieved, cast
steel flanges of special design being welded to the plate-steel pipe for 
bolted field connection. The bends and various fittings were made 

. of cast -~teel with flanged ends. 
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The penstock was designed for a maximum working pressure, in
cluding water-hammer, of 300 pounds per square inch. The wall 
thicknesses of pipe and fittings, respectively, were proportioned for hoop 
stresses of 11,000 and 6,300 pounds per square inch. For the bolted 
connections one-sixteenth-inch soft copper gaskets were used. The 
welds were X-rayed for· detection of defects; each section of pipe was 
stress-relieved; and the pipes were subjected to a hydrostatic pressure 
test of 600 pounds per square inch in the shop, and were given a 
thorough hammer test while under this pressure. The cast-steel bends 
and fittings were likewise subjected to a pressure test of 600 pounds 
per square inch in the shop. 

The welded-steel pipe was fabricated in the Barberton plant of the 
Babco<;k & vVilcox Co., who was awarded the contract for furnishing 
the penstock under specifications No. 633-D. The castings were 

. furnished under a subcontract by the General Steel Castings Corp. 
from its plant at Eddystone, Pa. The total weight of steel pipe and 
castings aggregated 171 tons and the delivered cost was $a8,500. 
Additional work done by the contractor in the field, to conform with 
a change made in valve arrangement, increased this cost by about 
$9,000. The gate valves were purchased from the Chapman Valve 
Co. at a cost of $17,226; and the sphere valves from the S. ::\1organ 
Smith Co. at a cost of $37,290. During the year 1937, the central 
portion of the penstock was moved toward the downstream face of the 
dam to provide a more adequate, support and eliminate as much as 
possible the excessive vibration· existing at the original loca.tion. 
This relocation involved the purchase of additional castings at a 
cost of $6,000 from the Enterprise Foundry Corp. The additional 
work in rebuilding and installing the pipe in the new location, con
structing new supports, and encasing the pipe in concrete involved 
an expenditure of $66,965 making a total cost of $174,981 for the 
penstock in its present location. The penstock and valves were 
installed by Government forces. The completed installation was 
given a hydrostatic pressure test of 400 pounds per square inch. 

LIGHTING SYSTEM 

240. Introduction.-In order to facilitate maintenance and inspec
tion of the penstock and outlet system, illumination was provided for 
all walkways and operating areas in the penstock and adit tunnels. 
As the upper and the lower tunnels on both sides of the canyon arc 
similar and have similar lighting systems, only those on one side need 
be described in detail. Areas for which illumination was provided 
include the walkways for the header and penstock tunnels, the large 
construction adit near the downstream end of each header tunnel, and 
the galleries and stair wells connecting the lower end of each penstock 
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tunnel with the power plant. In addition, illumination was provided 
for the oil-purifier house and storage-tank area located in the construc
tion adit of each upper tunnel, and also for the contractor's construc
tion adits connecting with each lower header tunnel immediately 
downstream from anchor 4. 

241. Source of Power.-Two station-service generators, one at the 
upstream end of each wing, are installed in the powerhouse. Each is 
rated at 3,000 kilovolt-amperes, 2,300 volts, and is driven by a 
3,500-horscpower, horizontal, double-impulse turbine connected with 
the station-service penstock. As a supplemental source of power for 
station service a 16,500- to 2,400-volt bank of transformers, energized 
from the main powerhouse bus, also feeds the station-power bus. 
Voltage is reduced to 460 for all station power requirements and to 
110-120 for lighting circuits. 

242. General Description.-Designs provide for an average illumina
tion of 2 foot-candles on all walkways in the header and pe~stock 
tunnels and in the adits, and 5 foot-candles for the interior and 
roof of the oil-purifier house and for the oil-storage area. A 3-
percent maximum voltage drop was allowed. Duplex convenience 
outlets are spaced at approximately 50-foot centers in all tunnels, so 
that portable lamps may be used for close inspection. The types of 
conduit and fittings, conductors, switches, contactors, and cabinets 
are similar to those installed in the power plant, as described in the 
special report on Boulder (now Hoover) Dam, published as bulletin 2 
of part IV, Design and Construction. Conduits and cabinets arc in
stalled exposed except in the oil-purifier house where embedded con
duit was used to avoid interference with the exposed pipes. Six con
ductor sizes are used: numbers 1/0 and 2 for the mains; and numbers 
8, 10, 12, and 14 for the lighting circuits. All conductors are rubber
insulated except the number 14 fixture conductor which is asbestos
insulated. Conduit sizes vary from 2Yz inches for the mains to 1 X and 
1 inch for the lighting circuits, the 0~-inch size being used most ex
tensively. All convenience outlets are fed by number 8 conductors 
energized separately from the lighting circuits so that failure in one 
circuit will not affect the other. Frequent use was made of three
and four-way switches to provide adequate control and to sectionalizc 
the lighting circuits. Magnetic contactors, placed in the lighting 
cabinets, were extensively used to control circuits, some of which are 
500 feet long. 

243. Feeders and Cabinets.-Five lighting cabinets are used in each 
of the four header tunnels. To facilitate main tcnance and installa
tion, each cabinet and the conduits and circuits emanating therefrom 
are marked with suitable designations. In the lower tunnels, the 
cabinets are located on the side of the tunnel toward the power plant, 
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four of them near the respective junctions of the four penstock tunnels 
and one near the junction of the construction adit. The cabinets are 
fed by a single 230-115-volt, three-wire main extending to a 25 kilovolt
ampere, single-phase transformer located on a platform below the walk
way in the header tunnel, near the junction of the downstream penstock 
tunnel. The transformer is supplied by a 2,300-volt, two-conductor 
leaded cable extending through the construction adit to a tunnel under 
the loading platform where a fused connection is made to a feeder 
originating at the station-service switchgear in the central portion of 
the power plant. The transformers are provided with two 5-percent 
taps so that the secondary voltage may be increased to compensate 
for line drop. 

The installation for the upper tunnels is similar to the one just 
described except that one lighting cabinet and the lighting transformer 
are located on the roof of the oil-purifier house. While it would have 
been more desirable to place the transformer at the load center, as was 
done 'in the lower tunnels, this was not possible because of the srnall 
space available between the penstock and the tunnel wall. 

244. Conduit Supports.-Several types of conduit supports or 
anchors were used. In the construction adits, where the side walls 
and ceilings are not lined, conduits are anchored to adjacent rock 
surfaces by means of short lengths of l-inch pipe fitted into suitable 
holes and anchored in place by lead-wool packing, the inner ends of 
the pipes being cut and flared to provide wedge action at the bottom 
of the hole. Single conduits are clamped to the pipe anchors by means 
of two U-bolts connected to flat steel bars by lock washers and nuts. 
For anchoring multiple conduits to the pipe anchors, two such anchors 
suitably spaced are located in a plane normal to the conduits, and a 
light steel angle is fastened to the projecting ends of the anchors by 
U-bolts. The conduits are supported by means of one-hole ma.lle able 
iron pipe clamps fastened to the steel angle by machine screws. 
Conduits below the ~teel walkways are ~upported by means of wedge
type clamps, U-bolt~~, and split-ring clamps su~pended by adjustable 
rods fastened to the aQ.jacent steel. In locations where the tunnels 
and passageways arc lined, the conduits are supported by means of 
one-hole pipe clamps anchored to the adjacent concrete surface by 
hexagon-head cap-screws of noncorrosive metal, which are screwed 
into expansion screw-anchors consisting of lead sleeves with threaded 
brass cones. All types of conduit supports are spaced at approximately 
1 0-foot intervals. 

245. Lighting Units.-The lighting units used for illumination of 
walkways are of two pieces, consisting of a hood and reflector. The 
aluminum hood is tapped to receive the conduit and contains the 
lamp socket. The reflector, composed of pressed steel, is finished with 
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FIG"GRE 165.- CPPER 30-FOOT HEADER A:\D WALKvYAY. 

green porcelain on Lhe exterior and with porcelain having a slightly 
bluish-green ti11t on lhe interior. It ha four convex-curved surface 
merging into a neck. and the bottom face resembles a rectangle wiLh 
bulged sides. This type of unit ,,·as sclcded because it has a beam 
spread of 1 35 o on the long axi , making it ui table for ligb ting narrow 
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FIGGRE 166.- \YALE.\YAY A:KD -.TAIR\YAY AT UPPER 25-FOOT 
READE R. 

pa sngc,Yays. TLc units arc mounted ala height of 11 f eet above the 
walbn1ys, and are paced al approximately 27-foot inlcnal in the 
header Lunncls and approximately 18-fool iutcrYals in Lhc JWnstoek 
lunncls, cc fi gu rc 165, 166, and 1 G 7. Orw-hundrcd-\\·at t lamps arc 
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FIG URE 167.- A LOWER NEVADA 13-FOOT PE~ TOCK AKD 
WALKWAY. 
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used for the units located in the headers and the large adits, and 50-
\vatt lamps in the penstock tunnels and in the galleries and stair wells 
leading to the powerhouse. The average resultant illumination on the 
tunnel walkways is 2 foot-candles. Units of the type just described, 
with 100-watt lamps, arc spaced at approximately 13-foot centers on 
the oil-purifier-house roof and oil-storage-tank area to provide 5 foot
candles of illumination. Standard R. L. ~1. reflectors with 200-watt 
lamps are used in the oil-purifier house and provide approximately 
5 foot-candles illumination at floor level. For the small passageways 
through the penstock anchors and those connecting the penstock 
tunnels with the powerhouse, bare lamps are plaeed in overhead cone
shaped recesses in the concrete, and thr. sicks of t.he recesses arc painted 
with a flat white paint to provide a suitable reflecting surface. 

ACCESS, DRAINAGE, VENTILATION, AND 
PROITECTIVE FACILITIES 

246. Tunnel Walkways.-The tunnels of each penstock and outlet 
unit arc provided with a complete set of walkways, stairways, plat
forms, and handrailing to make the pipes readily accessible for in
spection and maintenance. For the 30- and 25-foot headers a separate 
walkway is provided on eaeh side of the pipe; but for the 13-foot 
penstocks only one walkway is provided, which, for the steeply in
clined penstocks from the upper tunnels, is in the form of a stairway. 
Typical sections through the penstocks a.nd walkways for the upper 
and lower tunnels are shown in figure 168. The walkways in the 
upper tunnels are generally about 3~6 feet below the eentcr of the 
header, and in the lower tunnels they arc at the same elevation as the 
center of the header. Short sections of walkway arc provided as 
necessary on ci thcr side of the headers and at lower levels to give 
access to manholes and drains. 

The walkway flooring consists of open steel gratings made up of 
parallel bearing bars with cross members "electroforged" at right 
angles, the bearing bars being proportioned for a minimum live load of 
100 pounds per square foot. The grating is carried on structural
steel· beams supported from the pipe brackets, the concrete tunnel 
walls, or the concrete pipe anchors. The walkways vary in width 
with the available space between the pipe and the tunnel \valls. In 
the upper tunnels, the walkways arc generally 37 inches wide~ but arc 
reduced to a width of 15 inches at the 30- by 13-foot branch connec
tions where the walkway passes over the penstock; while in the lower 
tunnels, the width of the walkways varies from 41 to 47 inches. 
Overpasses are provided at the 13-foot penstocks and also over the 
30-foot and 25-foot headers at anchors 3 and 6, respectively. In the 
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18-foot penstock tunnels the walkways, located only on one side of the 
pipe, are connected with the entrance passageways from the power
house. 

Numerous stairways and platforms are provided to interconnect the 
various wallnva.ys and to make the pipes readily accessible. Open 
steel grating is used for the stairway treads and for all platforms. 
Stairs and walkways are generally provided with 2-inch galvanized 
pipe railings, which are bolted to the steel supports or anchored to the 
concrete tunnel walls. The steel supports for the wallnvays \vere 
fabricated in the shop in suitable handling lengths and bolted together 
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in the tunnel. Supports resting on the pipe brackets or stiffener rings 
are attached to the brackets by means of steel clips <;>r lugs. The 
fabricated material for the walkways required about 660 tons of steel, 
which was purchased under specifications Nos. 640 and 676 and in
stalled by Government forces. The delivered cost of the material was 
$69,800. 

247. Drainage System.-To facilitate inspection and maintenance 
of the penstock system and the installation of additional power units 
as needed, means are provided for draining the penstock and outlet 
headers and the various branches. To drain a penstock and outlet 
unit, the cylinder gates of the intake tower are first closed and the 
water is then drained through the needle valves in the canyon-wall or 
the tunnel-plug outlet works. Drainage can, of course, also be effected 
through the turbines. After thus lowering the water level in the pipe 
to the extent possible, drain valves provided in the 30-foot headers are 
opened for further draining. However, as long as there is leakage 
through the cylinder gates the penstocks will not remain completely 
drained. In determining the outlet capacity required for the drain 
openings it was necessary to assume a certain amount of leakage 
through the two cylinder gates in each of the intake towers. This 
leakage was assumed at 20 second-feet maximum, and the drain 
openings and valves were designed accordingly. 

Three drains are provided in the bott01n of each 30-foot header: 
one near the downstream face of anchor 3; one near the upstream 
face of anchor 5; and one about midway between the other two. For 
the upper and lower headers, 14- and 12-inch drains, respectively, 
are used, arranged as shown in figure 169. Each drain opening is 
controlled by a cast-steel gate valve, designed for 300 pounds per 
square inch working ·pressure in the upper headers and 400 pounds 
in the lower headers. The valves have bronze extension stems to 
make the handwheels readily accessible. Since the valves are seldom 
used and may therefore be difficult to operate, a geared handwhee'l is 
used with a gear ratio of 3 to 1. 

While it is possible to drain the upper penstock and outlet headers 
completely through the three drains installed in each 30-foot pipe, the 
lower headers, being on a slope, cannot be completely drained in this 
manner. A 24-inch grated drain is therefore provided at. the down
stream end of each 25-foot header of the lower units. This drain 
connects through an 18-inch pipe with a drainage sump in the tunnel
plug valve chamber, whence a float-controlled, electrically operated 
turbine pump installed in the sump discharges the drainage water into 
the tailrace. 

The drains in the 30-foot headers discharge into the tunnels. From 
each of the upper tunnels the water flows to the adit and drops through 



AUXILIARY EQUIPMENT 361 

a 30-inch drain pipe ·to the lmver tunnel adit, whence it is discharged 
into the tailrace. In the lower tunnels, the water flows downstream 
to a sump at the tunnel plug from which it is pumped by the 22-sccond
foot turbine pump into the tailrace. The water remaining in the 
adits can be pumped into the tailrace by a portable pmnp unit. 

I 

-
·-· 12" Gore valve for lower funnel headers. 

14" Gale valve for upper funnel headers 

FIGURE 169.-DRAIN INSTALLATION FOR 30-FOOT HEADERS. 

All anchors and thrust blocks are provided with drain pipes extend
ing therethrough to facilitate the flow of water along the invert of the 
tunnels. Two 24-inch drain pipes arc used in the upper tunnels and 
three 18-inch pipes in the lower tunnels. In order to prevent the 
water from overflowing into the 18-foot penstock tunnels, the drain 
pipes extend through each pair of thrust blocks, bypassing the penstock 
tunnels. 

248. Ventilating System.-Two separate systems of tunnel ventila
tion are provided, the main or primary system working in conjunction 
with the powerhouse ventilation. The main air supply for the power
house is drawn through the tunnel adits and into the header and 'pen
stock tunnels, where it is cooled or heated, as the case may b_e, by 
contact with the water-filled pipe. It is then drawn through the 
entrance passageways into the powerhouse. This system was designed 
to be in continuous service normally, and its operation requires that 
the safety doors in the 18-foot penstock tunnels be open so as to permit 
the flow of air through the tunnels. 

Since it was considered desirable to limit temperature variations in 
the tunnels and thus reduce the resultant stresses in the steel pipe, 
thermostatic protection is provided on the 30-foot headers near the 
respective adit openings. One thermostat switch on each header is 
set at 55° F. and another at 75°, at which respective temperatures 
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the appropriate switch electrically unlatches a pair of spring-loaded 
doors in the passageway of the reducer anchor (anchor 5) at the lower 
end of the 30-foot header, thereby stopping the warmer or cooler 
fresh air supply and limiting the temperature range in the tunnel. 
The switches also stop the fans of the auxiliary ventilating system, 
which is provided in addition to the powerhouse ventilating system in 
order to effect a change of air throughout the tunnels when required 
for maintenance work. 

Figure 170 shows the general arrangement of the auxiliary ventilat
ing system. Ventilating pipes, consisting of header and branches, 
extend throughout the length of the main tunnels, the headers ter
minating-at the exhaust fans in the adits. These fans are placed on top 
of the oil-purifier houses in the upper tunnels and on separate steel 
platforms in the lower tunnels. The exhaust headers in the upper 
tunnels are 25 inches in diameter, having five 20-inch curved branches 
each, with an additional 1 0-inch branch on the Nevada side. In the 
lower tunnels 48-inch diameter exhaust headers are provided, with six 
36-inch curved branches each. The ends of the branch pipes, except 
the branch at the upstream end of each header, can be closed with 
blast gates or dampers when it is desired to eliminate certain por
tions of the tunnel from the ventilating system. 

All ventilating pipes are made from 16-gage galvanized iron sheets, 
which were fabricated to form 20-foot shop lengths to facilitate han
dling and installation in the tunnels. The bends and fittings were both 
riveted and soldered at the joints. The pipes are suspended from the 
tunnel and adit ceilings with special steel hangers and cinch anchors 
at about 20-foot centers, the hanger straps forming also the field joints 
for the pipe sections. One end of each pipe length was riveted to a 
hanger strap and an end of the adjoining pipe length was painted with 
asphalt and slipped into the strap, allowing for temperature move
ment. The exhaust headers for the upper tunnels are flanged for 
bolted field connection between hangers in those sections where pipe 
lengths of only about 7 feet could be handled. 

The fans used are of the single-inlet, single-width, centrifugal type 
with overhung wheels and pulleys and with the bearings on the drive 
side. For the upper tunnels the discharge is of the up-blast type, and 
for the lower tunnels it is of the top-horizontal type. The fans in the 
upper tunnels have a minimum capacity of 7,000 cubic feet per 
minute with a static pressure of 4% inches of water, and those in the 
lower tunnels have a capacity of 24,000 cubic feet per minute with a 
static pressure of 3% inches. The maximum outlet velocities were 
specified at 2,200 feet and 1,900 feet per minute for the upper and 

. lower tunnel fans, respectively. The fans are belt-driven from 10-
horsepower, splashproof, moisture-resisting type electric motors in 
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the upper tunnels; and 20-horsepower, open-type, general-purpose 
motors in the lower tunnels. The ventilating ducts and fans were 
purchased under specifications No. 755-D, at a cost of 25,156 dollars, 
and were installed by Government forces. 

249. Safety Doors.-The investment value of the Hoover Dam 
penstocks and power plant made it obligatory as a measure of ordinary 
business prudence to protect them against damage that might other
wise result from a possible rupture in the steel pipe. \Vhile every 
precaution was taken to construct a penstock system with a high 
degree of proven safety under all operating conditions, it must be 
admitted that there is always a possibility that some undisclosed 
defect in material or workmanship may result in failure of some part· 
of the system, with consequent danger to life and property and inter
ruption of power production. In view of this possibility, it was 
decided to install a series of steel bulkheads or safety doors at strategic 
points in the tunnel system, to prevent or to minimize flooding of the 
powerhouse. 

The location first considered for the safety doors was in the passage
ways leading from the 18-foot penstock tunnels to the powerhouse. 
Insufficient rock covering outside of these passageways, however, did 
not provide the anchorage necessary to resist the water load which 
may act against the safety doors. This scheme would have given 
protection to the power plant against breaks in both the headers and 
the penstocks. The location finally selected is in the passageways 
through the upstream anchors, or anchors 2, of the 13-foot penstocks; 
hence, in the final scheme, protection is afforded against breaks in 
the headers only .1 Figure 171 shows the arrangement of the doors 
in the upper and lower 18-foot penstock tunnels. Safety doors are 
also provided in the two lower tunnel plugs upstream from the valve 
chambers, see figure 68. 

The safety doors in the upper 18-foot tunnels are constructed in the 
form of hinged stairways, forming integral parts of the tunnel stair
ways when open. These doors are normally open and are counter
balanced by suspended weights in such Jnanner that they will swing 
upward, due to their buoyancy, when and if water flows into the 
penstock tunnel from the header tunnel above. The rising water, 
surging toward the doors, will force them against the seat. These 
doors are made from structural-steel shapes and plates welded together 
to form a watertight structure. Bronze hinge pins and spring bearings 
are provided at the bottom, the spring separating the door from the 
seat until the increasing head compresses it and effects contact 

1 At present (1948) additional safety doors arc being installed in the passageways leading from the 18-foot 
penstock tunnels to the powerhouse, as originally contemplated. 
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ANCHOR SAFETY DOOR IN UPPER 18-FT. TUNNELS 

FIGURE 171.-PEKSTOCK TCNNEL SAFETY DOORS. 

between door and seat. The door frames were concreted into the 
passageways at the time the anchors were poured. Lead bars are 
screwed onto the door frames to form the seats. 

The doors in the penstock anchors of the lower tunnels are placed 
vertically, in line with the upstream face of the anchor. These doors 
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arc normally half open, which is necessary for operation of the tunnel 
and powerhouse ventilation system. The half-open position is 
maintained by a double spring closing-mechanism and only a slight 
force is required to fully open or close the door whenever necessary. 
With a flow towards the door it will close and prevent the water from 
entering the penstock tunnel and powerhouse. These doors are of 
!~beam and channel construction with a X-inch plate welded on the 
upstream face. Special spring hinges are used to permit complete 
closure against the lead seat. 

The safety doors for the tunnel-plug adits are similar in design to 
the lower tunnel doors, except that a sprjng closing-mcchanisn1 is 
provided which maintains these doors normally in a closed position. 
All safety doors were designed for the full reservoir head, using 
stresses up to the yi.eld point o( the metal. The doors were purchased 
under specifications Nos. 698,-D and 742-D and installed by Govern
ment forces. 

WATER-MEASUREMENT FACILITIES 

250. Piezometers and Pi tot Tubes.-For determining the discharge 
and the flow conditions in various parts of the penstock and outlet 
system, piezometer manifolds, such as shown in figure 172, were 
installed in the locations indicated in figures 8 to 11, inclusive, and 
provisions were made for pitot-tubc measurements just upst:ream from 
the needle valves of the upstream and downstream outlet pipes of the 
canyon-wall valve houses. 

Two piezometer manifolds spaced at 100 feet are installed in each 
of the penstocks, and three piezometer manifolds arc installed in each 
of the lower 25-foot outlet headers. There are also two piezometer 
connections in each of the upstream and downstream 8.5-foot outlet 
pipes, connecting with the canyon-wall valve houses. ·The manifolds, 
see figure 172, are made of %-inch brass pipe connected to four X-inc}l 
bronze orifices screwed into the pipe or conduit shell. At the mani
folds of the penstocks and headers, each connection is provided with 
a shut-off valve between the orifice and the manifold, permitting 
readings at any orifice as desired. The piezometer connections on 
the 8.5-foot outlet conduits are embedded in concrete and have in~ 
dividual lines extending to the indicator stations in the canyon-wall 
valve houses. The observation stations for the pic7.ometer manifolds 
of the penstocks are located in the powerhouse, and the stations for 
the lower 25-foot outlet headers are located in the tunnel-plug valve 
chambers. The equipment was installed by Government forces. 

The pitot-tube installations in the upstream and downstream con
duits of the canyon-wall outlet works were made subsequent to the 
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piezometer installations, and consist essentially of two pitot tubes in 
each conduit, the long or sliding arms of which are let into the pipe 
through stuffing boxes. Inside the pipe the long arm of the tube 
occupies a groove in the upstream edge of a streamlined strut, so 
that the horizontal or imgact arm of the tube can be slid back and 
forth to any desired position where it is firmly held in place by the 
strut. The two struts for each station are at right angles to each 
other and 45° from the vertical diameter of the pipe, and at their 
intersection in the center of the pipe are attached to t.he upstream 
point of the needle valve. The horizontal arm of the tube is of such 
length, 1476 inches, that the point is upstream from the zone of dis
turbance. caused by the struts and the needle valve. 



CHAPTER XIII-· CONSTRUCTION PROGRAM 
AND COST DATA 

INTRODUCTION 

251. Hoover Dam and Appurtenant Features.-The penstock and 
outlet system being an appurtenant feature of I-Ioover Dam, every 
phase of its construction necessarily had to be closely coordinated 
with the construction of the dam and its other appurtenances, and 
especially with the construction of the tunnels wherein the pipes are 
installed. A brief outline of the salient facts relative to the con
struction of the dam and tunnels therefore seems necessary as an 
introduction to a chronological record of the construction of the 
penstock and outlet system. 
, On the basis of bids opened by the Bureau of Reclamation at 

Denver, Colo., l\1arch 4, 1931, a\vard of contract was made on March 
11 to Six Companies, Inc., the lowest of three bidders, for the con
struction of Hoover Dam and appurtenant features, not including the 
penstock and outlet system, for the estimated sum of $48,890,996. 
The contract was approved April 20, 1931. In accordance with the 
provisions of the contract, the time for completion of the \:vork was 
2,565 days from l\1arch 11, 1931, making the required date of com
pletion April 11, 1938. The work was actually completed approxi
mately 2 years ahead of the requin'd date. 

Six Companies established offices at Las Vegas, Nev., March 11, 
1931, and began preliminary work, including the construction of 
camps, roads, railroads, bridges, sand and gravel screening plants, 
and compressor plants. Initial excavation of the four river-diversion 
tunnels was started at the construction adit on the Arizona side on 
11ay 14, 1931; and at the adit on the Nevada side on May 24, 1931. 

Excavation of the four 56-foot circular diversion tunnels, having an 
aggregate length of 15,946 feet and involving the excavation of 1.5 
million cubic yards of rock, was completed May 23, 1932. Lining the 
tunnels with an average thickness of 3 feet of concrete was begun 
March 16, 1932, in the inner Arizona tunnel, and the lining of both 
Arizona tunnels was completed in November 1932. On November 
13, 1932, a part of the stream flow was diverted through the outer 
Arizona tunnel, and on November 14, 1932, the entire flow of the 
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Colorado River was being passed through the two 50-foot concrete
lined tunnels on the Arizona side. The lining of the inner Nevada 
tunnel was completed in December 1932, and that of the outer Nevada 
tunnel was completed .l\1arch 8, 1 933. 

Excavation for the base of the dam was completed June 5, 1933, the 
lowest point in the excavation being at elevation 505.6, sea level 
datum, which was 140 feet below the normal low water surface of the 
river at the dam site. On the following day,. June 6, 19~3~i, the first 
concrete was placed in the dam, in panel J-3. At the close of the 
month 24,300 cubic yards of concrete had been placed in the dam, 
and on January 7, 1934, the millionth cubic yard was placed. The 
second millionth cubic yard was plaeed June 6, 1934~ and the third 
millionth cubic yard on December 5 of the same year. Storage of 
water in the reservoir was started February 1, 1935. The last concrete 
was placPd in the da.m on .May 29, 1935. Hoover Dam was dedicated 
by President Roosevelt on September 30, 1935. 

The tunnels for the upper Arizona unit of the penstock and outlet 
system, including excavation, concrete lining, grouting, the construc
tion of piers for the pipe, and the placement of concrete backfill in 
those parts of the tunnels 'vhere the pipe is embedded in concrete, 
were under construction from February 1933 to Septem her 1935. 
The tunnels for the upper K evada unit were under construction Jan
uary 1933 to July 19:)5. The tunnels for the lower Arizona unit, 
including necessary modifications of the inner Arizona diversion tunnel 
to convert it to penstock use, were under eonstruction from August 
1933 to September 1936. l\1odifications required in the inner diver
sion tunnels included construction of the tunnel plugs and the inclined 
tunnels to the upstream intake towers, the construction of penstock 
tunnels and piers, and the placement of concrete backfill where 
required after the pipe had been installed. The tunnels for the lower 
Nevada unit were under construction from December 1932 to Sep
tember 1936. 

CHRONOLOGICAL RECORD OF CONSTRUCTION OF 
PENSTOCK AND OUTLET SYSTEM 

252. Synopsis of Contract.-After consideration of proposals opened 
at the Denver office of the Bureau of Reclamation on June 15, 1932, 
a contract was awarded the Babcock & \Vilcox Co. of Barberton, 
Ohio, for furnishing, fabricating, erecting, and painting, in accordance 
with specifications No. 534, the pipe included in the penstock and out
let system, for the estimated sum of $10,908,000. 

Formal notice to proceed was received and acknmvledged by the 
contractor August 11, 1932. This fixed the date for completion of 
the work covered by the contract at February 10, 1939. However, 
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because of the phenomenal progress made in the construction of the 
diversion tunnels and the dam, which were completed a year or more 
in advance of the date originally planned, and the urgent necessity · 
for con1plcting the whole project at the earliest practicable date, 
progress on all other features was correspondingly increased. As an 
instance, in accordance \vith order for changes No. 9, hereinafter 
described, the date for completing the penstock and outlet system 
was changed fron1 February 10, 1939, to July 25, 1936. 

The contract stipulated that the contractor should furnish all 
materials, suppli<~s, equipment, and labor involved in the fabrication 
and ere:~ction; and all cquipn1ent and labor jnvolved in the painting 
of the pla.te-stcel pip<~ and appurtenances of the pPnstock and outlet 
system, the pipe to be installed in tunnels and on supports provided 
by the Government, the tunnels being concrete-lined except where 
the pipe was to be embedded in concrete. 

Briefly sun1marizing, other important general provisions of the 
contract, the detailed provisions of which are ineluded in the descrip
tion of th<~ special features to which they refer as given in the aceoin
panying chapters, stipulated that the construction program, being 
contingent on completion of the tunnels ,,·herein the pipe was to be 
installed, should at all times be subject to approval by the con t.racting 
officer; that the contractor should erect, equip, and operate, wholly 
at his own expense, a complete fabricating plant near the dam site, 
the Goverrnnent supplying the site and a side track not 1nore than 
1,000 feet in length; that the shiprnen t of pipe 1nateria.ls to Boulder 
City should be on Governn1en.t bills of lading, and that the Govern
ment would transport such 1naterials over the Governn1ent-owned 
construction railroad from Boulder City to the site of the fabric-ating 
shop, the contractor loading, unloading, and handling the Ina.terial; 
that the transportation facilities of the construction railroad, then 
being operated by the contractor building I-Ioover Dam, should be 
available for the shipment of materials other tha.n pipe materials 
and for supplies and equipment belonging to the penstock contractor 
at the rate of 10 cents per hundredweight for less than carload lots 
and at $25 each for carload lots; that the Governn1cnt \vould transport 
the pipe sections from the fabricating plant to the landings at the 
tunnel adits, lowering them into the canyon on the Governn1ent 
cable-way having a lowering capacity of 135 tons, the contractor 
doing all loading and handling. 

It was stipulated that water at a maximum discharge rate of 450 
gallons per minute should be available at a point on the Boulder City 
supply line for use at the fabricating plant at 15 cents per thousand 
gallons; and that eleetrir po-wer up to n. maxim urn of 8,000 kilowatt 
for usc in the fabricating shop and in the tunnels would be available 
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at the substation of the Southern Sierras Power Co. near the dam site 
at the rate of 6 mills per kilowatt-hour. It was specified that the 
Government would supply, throughout the tunnels, compressed air 
at a pressure of 90 pounds per square inch, as well as water,_ ventila
tion, and sand for grouting and sandblasting; would transport the 
contractor's equip.mr.nt and tools required for installation of the pipe 
from the shop to the landings at the tunnel adits; would supply all 
paint materials for the pipe and appurt.ena.nccs; and would provide 
artificial cooling if required in making closure of the pipe between 
anchors. 

It was further stipulated that the contractor should submit for 
approval of the chief engineer detailed drawings of all branch connec
tions, wye branches, bends, joints, manholes, structural-steel supports, 
stiffener rings, and other parts not specifically sho·wn in detail on the 
drawings accompanying the specifications, together with a schedule 
of esti1nated weights and unit prices for all material to be furnished 
under the contract, classified as to the above-named structural features 
and their prjneipal parts. 

The contract stipulated that the contractor should begin work 
within 30 calendar days after the date on -which- he received notice 
to proceed; that the first 40 feet of the 30-foot headers immediately 
below the intake towers in the four units should be completed within 
580 calendar days after the date of receipt of notice to proceed; that 
the upper Nevada unit should be completed within 880 days, the 
upper Arizona unit within 1 ,250 days, and the lower units within 
1,975 days of the date of receipt of notice to proceed. 

253. Modifications of Contract.-In accordance with the provisions 
of articles 3 and 5 of the contract, and paragraph 10 of specifications 
No. 534, made a part of the contract, modifications and changes were 
made therein from time to time as stipulated in the following orders 
for changes Nos. 1 to 10, inclusive, and extra work orders Nos. 1 to 9, 
inclusive. 

254. Order for Changes No. 1.-In compliance \vith paragraph 18 
of the specifications, the contractor on the penstock pipe submitted 
to the Bureau of Reclamation, for a.pproval, detailed dra\vings of all 
branch connections, wye branches, bends, joints, manholes, structural
steel supports, stiffener rings, and other parts of the penstock and 
outlet system not specifically shown in detail on the drawings accom
panying the specifications; and a schedule of estimated weights and 
unit prices for all material to be supplied under the contract, classified 
as to the component structural features and their parts, such as 
straight pipe sections, bend sections, branch connections, and other 
special fittings and parts. 

Order for changes No. 1, dated February 27, 1933, about 2 months 
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prior to the date the contractor started pipe fabrication, stipulated 
several changes in design and substituted a. revised schedule conform
ing to these changes in lieu of t,he original schedule submitted by the 
contractor on July 9, 1 9;)2. Aside from a change in t.he design of the 
stiffener ring requiring the use of a special section dcsigna.t.ed a "fillet 
insert," the changes were confined to minor details. The order 
involved no change in the total amount of the contract nor in the 
time of completion. It was accepted as satisfactory by the contractor 
on April 25, 1933. The principal changes made affected the following 
features: 

1. General lay-outs, alinements, and profiles. 
2-. Plate thicknesses. 
3. Design and number of stiffener rings, involving special fillet 

inserts welded into and forming parts of the pipe shell and the 
stiffener rings. 

4. Design of pipe supports. 
5. Design of anchors. 
6. Design of connecting flanges. 

Ta.blc 23 shows a schedule of estimated weights and unit prices 
as revised by order for changes No. 1, which was attached Lo and 
made a part of the con tract. 

TABLE 23.-ESTIMATED WEIGHTS AND PRICES .OF PE:-..ISTO'CK 
PIPE AND FlTTll\GS 

[As revised by order for changes No. 1] 

Item I 

--------------------1 

Estimated Price per quantity 
(pounds) pound 

Straight runs of pipe, 30- and 25-
1 

foot diameter _________________ _ 43, 507, 420 $0. 110372 
Straight runs of pipe, smaller than 

25-foot, not flanged ____________ _ 10, 423, 670 . 1370 
Straight runs, flanged ____________ _ 1' 767, 615 . 1490 
Bends, 30- and 25-foot ___________ _ 11,868,762 . 1205 
Bends, 13-foot and under _________ _ 1,611,614 . 1900 
Reducing bends __________________ _ 628,874 . 1960 
Branch connections, 30-foot ______ _ 5,031, 208 . 1180 
Branc}:l connections, 25-foot and 

under ________________________ _ 1,048, 446 . 1415 
Wyc, 3-way, 25- by 13-foot_ ______ _ 524,433 . 1315 
Wye, 2-\vay, 14- by 8.5-foot_ ____ _:_ 123,536 . 1820 
Wyc, 2-way, 13- by 9-foot_ _______ _ 41, 825 . 2100 
Wye, 2-way, 13- by 9-fooL _______ _ 366,054 . 1660 
Stiffener rings with supporting 

brackets _____________________ _ 3,057,613 . 0850 
Stiffener rings without supporting 

brackets _____________________ _ 1, 210, 782 . 0!}60 
Manholes and drains ____________ _ 108,452 . 1875 
Reducers, 30- to 25-foot_ _________ _ 
Fillet i nscrts _______ :_ ____________ _ 

1, 067, 662 . 1165 
6, 354, 199 . '1780 

Total amount. of bid ________ 88,742, 165 

Amount 

$4,802,000.91 

1, 428, 042. 81 
263, 374. 72 

1, 430, 185. 81 
306, 206. 66 
123, 259. 32 
593, 662. 56 

148, 355. 11 
68, 962. 94 
22,483.56 

8, 783. 25 
60,764.94 

259,897.82 

116, 234. 95 
20,334.81 

124, 382. 64 
1, 131, 047. 19 

10,908,000.00 
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255. Order for Changes No. 2.-This order, issued May 8, 1933, 
relieved the Government of the obligation to supply and to deliver 
throughout the length of the tunnels, as and when required in erecting 
and painting the pipe, the following facilities and services: namely, 
compressed air, electric lights and power, water, and sand for grouting 
and sandblasting, as specified in items j, g, i, and ·p, respectively, of 
paragraph 24 of the specifications; and directed the contractor to 
provide these, furnishing all labor, supplies, and material, and supply
ing and operating all necessary plant and equipment, it being stipulated 
that the electric power to be supplied by the Government in accord
ance with paragraph 26 would be delivered and metered only at one 
point, the cable\vay hoist house. 

In consideration of this change and the resultant additional expense 
to the contractor, the total amount due under the contract was 
increased by $113,700. 

256. Order for Changes No. 3.-This order of October 16, 1933, 
stipulated that the contractor should construct for the Government a 
450-foot extension to the contractor's existing crane runway equipped 
with one 7 5-ton electrically operated crane; should construct a build
ing 150 feet long, of the same cross-sectional dimensions and the same 
type of construc.tion as the contractor's fabricating shop, enclosing the 
eas~terly end of the extension; and should perform the excavation and 
grading required for the construction of a spur railroad track parallel
ing the craneway. It was stipulated that the crane runway should be 
available for use of the contractor for storage of fabricated pipe sections 
until October 1, 1934. 

For supplying the material and constructing and equipping the 
crane runway extension and the building in accordance with specifi
cations and drawings ineluded with the order, it was stipulated that 
the contractor should be paid the sum of $81,880. For all classes of 
excavation required except that for concrete footings and foundation, 
he was to be paid an additional amount at the rate of $1.20 per cubic 
yard. No change was made in the time required for the completion 
of the work covered by the contract. The total payment under 
order for changes No. 3 was $100,655. 

257. Order for Changes No. 4.-This order of December 18, 1933, 
provided for changes in the length of the penstocks and in certain 
details at the outlet ends of the penstocks, and an increase of 59 feet 
in length of the upper Arizona and Nevada outlet pipes. The order 
involved the following changes in the schedule contained in order for 
changes No. 1: 



CONSTRUCTION PROGRAM AND. COST DATA 375 

Change in Price per Changes in Item quantity 
(pounds) pound amount due 

Straight runs of pipe, .smaller than 
25-foot diameter, not flanged ____ +33, 600 $0. ] 37 +$4, 603. 20 

Straight runs, flanged _____________ +69, 000 . 149 + 10, 281. 00 
Bends, 13-foot and under __________ -26,000 . 190 -4, 940. 00 

Total net change ___________ +76, 600 ------------ +9, 944. 20 

It was also stipulated that the contractor should be paid an addi
tional sum of $5,440 for extra work involved in making the changes, 
including additional cutting and welding. No change was made in 
the time of completion. 

258. Order for Changes No. 5.-This order dated April 30, 1934, 
stipulated that in lieu of the method of determining progress· pay
ments prescribed in paragraph 18 of specifications No. 534; such pay
ments should thereafter be computed on the basis of the weights and 
corresponding prices of ·the various pipe sections and appurtenances 
as shown in the schedule attached thereto. The order involved no 
change in the total amount to be paid or in the time of completion. 

The total estimated weight of the pipe as given in the schedule 
accompanying order for changes No. ·5. was 88,725,050 pounds, and 
the estimated cost was $10,917,944. The estimated weight of the pipe 
in each of the units was as follows, expressed in pounds: 

'Upper Arizona ___________________________________ 16,641,850 
Upper Nevada ___________________________________ 17,895,495 

Lower Arizona __ --------------------------------- 27, 135,211 
Lower Nevada ___________________________________ 26,938,766 
Manholes and drains_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 113, 728 

Total_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 88, 725, 0.10 

259. Order for Changes No. 6.-It was stipulated in this order 
issued ~1ay 7, 1935, that in lieu of the materials specified in paragraph 
48 of specifications No. 534 for painting the surfaces of the plate-steel 
pipes, all inside surfaces should be painted with one coat of bituminous 
primer and one coat of bituminous enamel; and all outside surfaces 
should receive one coat of red-lead prirner and two coats of aluminum 
paint, all paint materials to be supplied by the Government and the 
final coats to be applied after the completion of all erection work and 
grouting. The amount due under the contract was increased by 
$540 to cover changes in requirements, including number of coats. 
No adj us tmen t was rna de in the time required for the performance of 
the contract. 
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260. Order for Changes No. 7.-This order of May 10, 1935, di
rected the contractor to supply certain materials and to perform extra 
work not covered by the original contract, and provided for several 
revisions in design, the net result of w·hich, in addition to the extra 
work, was to increase the weight of pipe materials to be supplied 
under the contract by 414,667 pounds. 

The order provided for additional manholes and drains, and 30-
inch service connections; facilities for piez;ometer connections; steel 
templates for drilling 86-inch, 102-inch, 9-foot, and 13-foot pipe 
flanges; and alterations in the length of certain pipe sections. It also 
provided for drilling 930 2-inch grout holes in the pipe at locations 
specified by the construction engineer, and plugging the holes after 
grouting wa.s completed; and furnishing and installing five taper 
sections of pipe between the butterfly valves and turbines. 

For these changes it was stipulated that the contractor would be 
paid the sum of $108,755. No adjustment was made in the time of 
performance. 

261. Order for Changes No. 8.-This order dated June 5, 1935, 
directed the contractor to supply all necessary labor, equipment, and 
materials, and to produce, by mechanical methods, axial contraction 
in the pipe equal to the longitudinal contraction that would be caused 
by cooling the pipe from the prevailing temperature to a temperature 
of 45° F. 

For this work, which it was originally contemplated \vould be 
performed by the Government as indicated in paragraph 46 of the 
specifications, it was stipulated that the amount due under the 
contract would be increased by $114,130. No adjustment was made 
in the time requir<>d for performance of the contract. 

262. Order for Changes No. 9.-Since the completion of Hoover 
.Dam nearly 2 years in advance of the date originally contemplated 
made it necessary also to complete the penstock and outlet system in 
much shorter time than originally planned in order to provide river 
control for irrigation and power purposes at the earliest practicable 
date, and since work on the penstocks had been delayed because of 
delay in completing the tunnels wherein the pipe was to be installed, 
this order of June 12, 1935, stipulated that the penstock and outlet 
system should be completed in accordance with the revised schedule 
included therein which was substituted in lieu of the schedule in
cluded in paragraph 22 of specifications No. 534. The new program 
reduced the time for completion of the contract by approximately 
2}~ years. 

Table 24 shows a comparative summary of the revised and the 
original schedules. 
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TABLE 24.-COMPLETIOK DATES AS ORIGINALLY ESTIMATED 
AND AS LATER REVISED 1 

Unit Work or materials 

U 
N d {First 40 feet of header ____ _ 

pper l eva a_--- Remainder of unit_ _______ _ 
U \. . {First 40 feet of header ____ _ 

pper 1 nzona_--- Remainder of unit_ _______ _ 

Lower Arizona ____ {First 10 feet of h~ader ____ _ 
Rcrnamdcr of umt_ _______ _ 

' 0 "er 1 e\a a ____ Hemainder of unit ________ _ 
I . N , d I;{Fir~t 40 feet of header ____ _ 

I Revised by order for changes No.9. 

Date of completion 

Original 

Nov. 12, 1934 
Sept. 8, 1935 
Dec. 22, 1934 
Oct. 22, 1936 
Feb. 21, 1935 
Dec. 17, 1938 
Apr. 17,1935 
Feb. 10, 1939 

He vised 

Mar. 1, 1935 
~1ar. 10, 1936 
Mar. 1, 1935 
l\Iar. 10, 1936 
Apr. 1, 1935 
June 1, 1936 
Apr. 1, 1935 
.July 25, 1936 

The contractor's plant having been constructed on the basis of the 
original program, considerable additional equipment was required in 
order to complete the work within the time stipulatt~d in the order. 
The contractor was directed to supply all additional facilities, labor, 
and equipment, including special drilling and broaching machines, 
special structural spiders, hoists, wire rope, jacks, fittings, and mis
cellaneous materials, involving about 250,000 pounds of equipment, 
required to complete the contract within the time specified by the 
order, and for this the amount due under the contract was increased 
by $103,605. For the additional work of handling and storing fabri
cated pipe sections necessitated by the revised schedule, the order 
stipulated that the contractor should be paid at the rate of $249.22 
each for not more than 200 sections, making the total adjustment 
by reason of the changes an increase of $153,449. 

263. Order for Changes No. 10.---This order of June 26, 1936, the 
last of the orders for changes issued under this contract, provided that 
the contractor should, after July 1, 1936, provide all ventilation facili
ties necessary in the tunnels to enable him to complete the erection 
a.nd painting of the pipes of the penstock and outlet system; directing 
him to furnish c0rt.ain additional equipment which should become the 
property of the Government, and authorizing him to usc this and all 
other ventilating equipment belonging to the Government and then 
installed in the tynnels; and directing him, upon completion of the 
work of erecting and painting the pipes, to remove from the tunnels 
all ventilating equipment. In consideration of his furnishing the 
equipment, materials, supplies, and labor involved in carrying out 
this order, it was stipulated that the amount due under the contract 
should be increased by $6,792. The order involved no change in the 
date of completion of the work covered by the contract. 

264. Extra Work Order No. 1.-This order of January 9, 1933, di
rected the contractor to furnish all labor and materials and to con-
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struct at the site of the contractor's·pipc fabricating plant a sta.ndard
gage railroad spur track 1,000 feet long, including two switches, for 
the sum of $5,921. 

265. Extra Work Orders Nos. 2 and 3.-These orders dated July 25, 
1934, and November 15, 1935, respectively, covered minor items of a 
routine nature, including the pai-nting of certain pipe not otherwise 
provided for, at an estimated cost of $100, and the unloading of elec
trical equipment at the Government warehouse near the contractor's 
pipe fabricating plant at actual necessary cost plus 15 percent. No 
payment was made under order No.2; a payment of $477 was made 
under order No.3. 

266. Extra Work Order No. 4.-This order of November 7, 1935, 
directed the contractor to furnish the necessary labor, materials, 
equipment, and supplies, and fabricate a 30-foot diameter steel bulk
head and install it successively in each of the 30-foot steel penstock 
headers at the locations directed so that each of the four penstock 
and outlet units could be subjected to a hydrostatic test under a head 
equivalent to one and one-half times the total head exist.ing with the 
reservoir full. The contractor was required to guarantee the ade
quacy of .the bulkhead and pin connections and to repair any damage 
to the bulkhead or to the penstock header at the place where the 
bulkhead was installed. For carrying out this ordt~r the contractor 
was paid the lump sum of $114,80.S, as stipulated in the order. 

267. Extra Work Order No. 5.-This order of December 28, 1935, 
directed the contractor to furnish the necessary labor, materials, 
equipment, and supplies, and to shot blast to bright metal the interior 
surfaces of the plate-steel pipes of the penstock and outlet system, 
an area of approximately 900,000 square feet, for the stipulated sum 
of $45,000. 

268. Extra Work Order No. 6.-This order dated April 10, 1936, 
directed the contractor to perform several miscellaneous iten1s of 
extra work, supplying all necessary labor, equipment, and materials; 
and provided for the delivery, to the possession of the Government, 
of the contractor's structural-steel shop building complete with all 
trackage facilities, lighting system, air pipe lines, 2,300-volt power 
line from the Southern Sierras Power Co. substation, water pipe lines 
and sewer system, and one 75-ton traveling crane. • 

For the nine items of extra work, which included such items as 
unloading and installing penstock drain valves and fittings at the 
lump-sum price of $2,528; mak:ing alterations in station-:service 
penstock at the lump-sum price of $4,698, and furnishing and installing 
tunnel ventilating equipment at the lump-sum price of $3,710, the 
aggregate stipulated price was $17,780. For the shop building with 
the appurtenances and equipment specified, the order stipulated a 
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lump-sum price of $25,000, making the total payment under this 
order $42,780. 

269. Extra Work Orders Nos. 7, 8, and 9.-These orders, da.ted April 
20, 1936, June 1, 1936, and September 9, 19~-30, respectively, provided 
for cleaning the outside surfaces of the plate-steel outlet pipes where 
such surfaces had been affected by the corrosive action of mineralized 
seepage water, in the lower Nevada tunnel, in the lower Arizona 
tunnel, and in the upper Arizona tunnel, in the order given. For this 
work, the contractor was paid the actual necessary cost plus 15 
percent. The total payment under order No. 7 '''as $8,566; under 
order No. 8, $5,333; and under order No. 9, $377. 

270. Contractor's Organization and Personnel.-The keymen of the 
contractor's organization are listed in section 5 of chapter 1. The 
number of men engaged in the fabrication and installation of the 
pipe at Hoover Dam ranged from an average of about 50 at the 
bPginning of the work in April 193;j to a maximum of 712 at the peak 
of operations in July 1935. The average number employed during 
the period operations were in progress, Apdl 1933 to September 1936, 
wa.s about 300. 

271. Progress and Contractor's Earnings for 1933.-By March 1, 
1933, the contractor's fabricating plant near the dam site, as well as 
housing facilities at Boulder City, all of \vhich represented an approx
imate aggregate cost of about $7 50,000, had been completed. The first 
shipment of steel plate was received at the plant April 23, 1933, and 
the fabrication of pipe was immediat(~ly started, beginning with the 
smaller sizes, 8.5 feet and 1~) feet in diameter. The first progress 
payment under the contract, amounting to $7,924, was made at the 
close of April 1933. 

At the close of the year, December 31, 1933, 8,453 tons of steel 
plate and pipe materials had been received, and portable pipe sec
tions had been fabricated as shown in the follmving tabulation: 

PORTABLE PJPE SECTIONS FABHICATED IN 1933 

Nt1m- Diam- Total Total 
Kind 1 eter length weight. l-1r (feet) (feet) (tons) 

57 Straight ___________________________ 8. 5 1, 780. 5 740. 6 
2 Special ________________________ - _- -1 8. 5 73. 9 30. 5 

102 1 Straight ___________________________ 13. 0 2, 247. 6 2, 350. 4 
6 ' SpeciaL _________________________ - _

1 

13. 0 100. 2 124. 7 
3 

l::~::~o::::::::::::::::::::::::::::l---~0:0_ 
53. 9 230. 1 

170 4, 256. 1 3,476. 3 

1 In this and the following tabulations, the pipe sections arc classified as straight and s;1ecial, the special 
sections including bends and fittings. For further simplifying the tabulations, there being only a few 
sections of pipe of sizes other than th~ regular 30-, 25-, 13-, and 8 .. 5-font. sizes, the 20-foot and the 14-foot pipe, 
items :1 and 4 of table 20, have heen included with the 25-foot and the 13-foot pipe, respectively; and the 
9-foot and the 7.21-foot pipe, items 6 and 8 of table 20, have been included with the 8.5-foot pipe. 

819135°-49--26 
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The contractor's gross earnings to December 31, 1933, amounted to 
$799,000. 

272. Progress During 1934.-During the calendar year 1934, 17,973 
tons of steel plate and other ma.terials ·were received at the fabricating 
plant, ~aking the total to December 31, 1934, 26,426 tons; and pipe 
was fabricated as shown in the following tabulation: 

PIPE SECTIONS FABRICATED IN 1934 
------~----

Num
ber Kind 

Diame- 1 

ter I 

(feet) i 

16 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 8. 5 
8 Straight___________________________ 13. 0 
8 [' SpeciaL___________________________ 13. 0 
1 Straight_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 25. 0 

10 'I SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 25. 0 
101 Straight_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 30. 0 
44 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 30. 0 

Total 
length 
(feet) 

288. 7 
98. 8 
90. 8 
14. 4 

156. 5 
2, 208. 5 

813. 1 

Total 
weight 
(tons) 

252. 2 
198. 7 
173. 6 
40. 1 

458. 2 
10, 824. 4 
4, 010. 1 

1881----------------------------------- --------:--3,-6-70-. 8-1-5,957.3 

During 1934 pipe was installed m the tunnels as shown in the 
following summary: 

PIPE SECTIONS INSTALLED IN 1934 
--------

Num
ber Kind 

1----------------------------

1 Diame-
1 ter 
I (feet) 

I 
57 Straight___________________________ 8. 5 

2 I SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 8. 5 

6
1 I Straight___________________________ 13.0 

Special_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13. 0 
1 1 Straight___________________________ 30. 0 
7 . SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 30. 0 

Total 
length 
(feet) 

1, 780. 5 
73. 9 
30. 2 
92. 4 
19. 5 

126. 1 
-I 

74 !----------------------------------- --------j 2, 122.6 

Total 
weight 
(tons) 

740. 6 
30. 5 
36. 7 

152. 2 
78. 7 

545. 7 

1, 584. 4 

273. Contractor's Earnings for 1934.-The contractor's gross earn
ings for June 1934 were $316,009, and his total earnings to June 30, 
1934, were $2,060,552. His gross earnings for December 1934 were 
$352,782, and his gross earnings to December 31, 1934, were $3,843,438. 

274. Progress During 1935.-Fabrication of pipe for the penstock 
and outlet system was completed in November 1935. From January 
1, 1935, to the date of the receipt of the last shipment in October 1935, 
16,883 tons of steel plate and pipe materials were received at the 
fabricating plant, making a tota.l of 43,309 tons. 

Pipe was fabricated in 1935 as shown in the following summary: · 
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PIPE SECTIOJ\S FABRICATED IN 1935 

Kind 
Diam
eter 

(feet) 

Total 
length 
(feet) 

381 

Total 
weight 
(tons) 

102 Straight___________________________ 13. 0 2, 267. 3 2, 894. 1 
4 7 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 13. 0 850. 3 962. 4 
60 Straight.___________________________ 25.0 1, 351.8 5, 234.9 
21 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 25. 0 452. 2 2, 078. 0 
54 Straight___________________________ 30.0 1, 167.4 7, 495.1 
20 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 30. 0 467. 0 2, 869. 1 

--304 1- ------- - --- -------------------- -- -- ----- --- l-6-,-5-56-.-0-l--2-1-, -53_3_. -6 

---------------------· 

During 1935 pipe sections were installed in the tunnels as given in 
the following tabulation: 

~um
ber 

PIPE SECTIONS INSTALLED Il\ 1935 

Kind 
Diam
eter 

(feet) 

Total 
length 
(feet) 

Total 
weight 
(tons) 

16 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 8. 5 288. 7 252. 2 
202 Straight___________________________ 13.0 4, 508.0 5, 317.7 

55 SpeciaL___________________________ 13.0 948.9 1, 108.6 
61 Straight___________________________ 25.0 1, 366.2 5, 275.0 
31 SpeciaL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 25. 0 608. 6 2, 536. 1 

153 Straight_ ____ ,_____________________ 30.0 3, 333.1 18,134.6 
60 SpeciaL _________ .. _______________ _ _ 30. 0 1, 208. 0 6, 563. 7 

1-----
578 ~----------------------------------- --------1 12,261.5 39,187.9 

' 

275. Contractor's Earnings for 1935.-The contractor's gross earn
ings for June 1935 were $698,737, and his total ea.rnings to June 30, 
1935, were $6,655,814. His gross earnings for December 1935 were 
$135,306, and his total earnings to December 31, 1935, were 
$10)943,106. 

276. Progress in 1936.-Pipe sections were installed in 1936 as 
follows: 

PIPE SECTIONS INSTALLED IN 1936 

I 

I 
Num- Diameter Total Total 

ber Kind (feet) length weight 
(feet) (tons) 

--- ---

9 I 
Straight ___________________________ 13 75. 5 88. 7 

-~~ 1:::: :~~~:---~~:: ::::::::::::::::::::: 
30 23. 3 106. 2 

-------- 98. 8 194. 9 
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277. Contractor's Total Earnings.-Final payment of $262,606 was 
made September 16, 1936, making the total payment under the 
contract $11,625,853. 

278. Summary of Progress by Years.-FolJov.ring is a summary of 
pipe fabrication and installation covering the entire period of con
struct.ion of the penstock and outlet units: 

SUMMARY OF PIPE FABRICATION BY YEARS 
--------·· -------

Year 

1933--- - - - - - - - - - - - - - - - - -- - - - - - - - - - . - -: 

~~~~================================! 

~u:;;ber I 

sections 

170 
188 
304 

r-

Total 
length 
(feet) 

4, 256. 1 
3, 670. 8 
6, 556. 0 

Total 
weight 
(tons) 

3,476. 3 
15,057.3 
21, 533. 6 

Total ________________________ -~--662j-1~ 482.91~· 967~ 

SUMMARY OF PIPE IKSTALLATIO:"J BY YEAHS 

~umber Total Total 
of . length weight 

---------------'-s-ec_t_io_n_s-1-(-fe_-'e_t_) --I __ c_t_or-1s_) __ 

Year 

:~it:::::::::::::::::::::::::::::: I sf~ ' 1 ~: ~u i 1, 584. 4 
39, 187. !) 

194. H 
1-----1-------------

Total ________________________ _ 662 14, 482. 9 40, 967. 2 

279. Cost Summary.-The principal items of cost involved in the 
fabrication and installaticn of the pipes of the Hoover Dam penstock 
and outlet system may be summarized as follows. Some of the sub
items in item 4 must be considered as approximate. 

1. Contractor's gross earnings ______________________________ $11,744,664. 70 
Total deductions for facilities supplied by 

the Government; penalties, demurrage, 
and other items; and including freight 
adjustment of $4,691.52_________________ $118,812. 16 

Contractor's net earnings _________________ 11,625,852.54 
2. Freight on steel plate, pipe, and other mate

rials shipped on Government bills of 
lading: 

(a) From Gary and South Chicago, 80,-
486,850 pounds, total___________ 663, 645. 15 

(b) From Barberton, Ohio, 6,131,435 
pounds, totaL_________________ 55,963. 57 

Total freight ______________________________ _ 719, 608. 72 



CONSTRUCTION PROGRAM AND COST DATA 

3. Moving pipe, materials, and tools from fabricating plant to 
tannel adits. Payment to Six Companies under order for 
changes No.2 of their contract _______________________ _ 

4. Auxiliary utilities: 
(a) Station-service penstock system ___ _ 
(b) Lighting system _________________ _ 
(c) Tunnel walkways _________________ -
(d) Drainage system ________________ _ 
(e) Ventilating system ______________ _ 
(f) Safety doors ____________________ _ 
(g) Piezometers and pi tot tubes ______ _ 

$175,000.00 
52, 169. 00 

127, 112. 00 
49, 246. 00 
84, 115. 00 
8,304. 00 

11, 482. 00 

Total __________________________________ _ 

5. Rental of testing equipment: 
Items (c) to (h), inclusive, of extra work order No. 37, 

Six Companies' contract _________________________ _ 
6. Paint and paint materials ______________________________ _ 

Total, items 1 to 6, inclusive _____________________ _ 
7. Tunnels (constructed under Six Companies' 

contract): 
(a) Upper Nevada header tunneL ____ _ 
(b) Upper Arizona header tunneL ____ _ 
(c) Lower Nevada header tunneL ____ _ 
(d) Lower Arizona header tunnel _____ _ 
(e) Inner Nevada upstream plug _____ _ 
(f) Inner Nevada downstream plug ___ _ 
(g) Inner Arizona upstream plug _____ _ 
(h) Inner Arizona downstream plug ___ _ 
(i) Nevada penstock tunnels _________ _ 
(j) Arizona penstock tunnels __________ _ 
(k) Nevada outlet tunnels ___________ _ 
(1) Arizona outlet tunnels ___________ _ 

$1' 060, 065. 22 
984, 254. 50 
283, 13,1'). 90 
240, 668. 98 
250, 784. 40 
330, 594. 95 
256, 045. 53 
342, 200. 47 
525, 500. 02 
473, 378. 04 

52, 3f'i8. 65 
60, 011. 72 

Total tunnels ___________________________ _ 

8. Anchors and supports: Items (d) to (j), inclusive, of order for 
changes No.5, Six Companies' contract ________________ _ 

9. Penstock passageways: Items (b) and (d) of order for changes 
No. 13, Six Companies' contract_ _____________________ _ 

Total, tunnels, anchors, and supports, items 7 to 9, 
inclusive ______________________________________ _ 

Grand total, items 1 to 9, inclusive ________________ _ 

383 

$212,952.25 

507,428.00 

4,417. 78 
45, 673. 00 

13, 234, 7 44. 45 

4, 858, 998. 38 

549, 104. 00 

15,093.20 

5,423, 195.58 
18,657,940.03 





LIST OF BULLETINS 

The following list shows titles and prices of the final reports on the 
Boulder Canyon project which have been published and are now 
available for distribution. The list also shows revised titles of those 
reports which are now planned for publication, it having been found 
necessary to omit certain of the reports heretofore included in the 
tentative list of those to be printed, and to revise the titles of certain 
others. 

PART I-INTRODUCTORY 

General History and Description of Project. 
The Financing of the Boulder Canyon Project. 

PART II-HYDROLOGY 

(Not to he published.) 

PAHT IIT-PREPAHA1'0RY EXA!\1JNATIONS 

Geological In vestigat.ions. 

PART IV-DESIGN AND CoNSTRUCTION 

General Features* (paper, $1.50; cloth, $2). 
Boulder Dam* (paper, $1.50; cloth, $2). 
Diversion, Outlet, and Spillway Structures* (paper, $2.50; cloth, $3). 
Concrete Manufacture, Handling, and Control* (paper, $2.50; cloth, $3). 
Penstocks and Outlet Pipes* (paper, $1.50; cloth, $2.00). 
Imperial Dam and Desilting Works. 

PART V-TECHNICAL INVESTIGATIONS 

Trial Load Method of Analyzing Arch Dams* (paper, $1.50; cloth $2). 
Slab Analogy Experiments* (paper, $1; cloth, $1.50). 
Model Tests of Boulder Dam* (paper, $1.50; cloth, $2). 
Stress Studies for Boulder Dam* (paper, $1.50; cloth, $2). 
Penstock Analysis and Stiffener Design* (paper, $1; cloth, $1.50). 
Model Tests of Arch and Cantilever Elements* (paper, $1; cloth, $1.50). 

•For sale at offices of the Bureau of H.eclamation in Denver. Colo. and Washington, D. C. 

385 



386 PENSTOCKS AND OUTLET PIPES 

PART VI-HYDRAULIC INVESTIGATIONS 

Model Studies of Spillways* (paper, $1; cloth, $1.50). 
Model Studies of Penstocks and Outlet Works* (paper, $1; cloth, $1.50). 
Studies of Crests for Overfall Dams* (paper, $2; cloth, $2.50). 
Model Studies of Imperial Darn, Desilting Works, All-American Canal Structures* 

(paper, 75 cents; cloth, $1.25). 

PART VII-CEMENT AND CoNCRETE INVESTIGATIONS 

Thermal Properties of Concrete* (paper, $1; cloth, $1.50). 
Investigations of Portland Cements. 
Cooling of Concrete Dams. 
Mass Concrete Investigations. 

*For sale by the Superintendent of Documents through the Chief, Supply Services Division, Bureau of 
Reclamation, Denver, Colo. 
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