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Preface

This manual presents instructions, examples,
procedures, and standards for use in the design
of concrete arch dams. It serves as a guide to
sound engineering practices in the design of
concrete arch dams and provides the
technically trained, qualified design engineer
with specialized and technical information that
can be readily used in the design of such a dam.

The manual came into being because of the
numerous requests made to the Bureau for its
latest concepts on the design of concrete dams.
A companion Bureau manual “Design of
Gravity Dams” has been published.

Certain material in this book has been
adapted from “Design of Small Dams.”
Although most of this text is related
exclusively to the design of dams and
appurtenant structures, it is important that the
designer be familiar with the purpose of the
project of which the dam is a part, the
considerations influencing its justification, and
the manner of arriving at the size and type of
structure to be built. Factors which affect the
selection of the type of dam and its location
are discussed in chapter II, *‘Design
Considerations.” Chapter XV discusses the
ecological and environmental considerations
required in constructing a dam. The integrity
of the structural design requires strict
adherence to specifications for the concrete
and to the practice of good workmanship in
concrete production. Therefore, a summary of
Bureau of Reclamation concrete construction
practices or methods is included in chapter
X1V, “Concrete Construction.”

*Retired

The manual should be of service to all
concerned with the planning and designing of
water storage projects, but it cannot relieve the
agency or person using it of the responsibility
for a safe and adequate design. The limitations
stated in the design procedures should be
heeded.

This book was prepared by engineers of the
Bureau of Reclamation, U.S. Department of
the Interior, at the Engineering and Research
Center, Denver, Colorado, under the direction
of H.G. Arthur,* Director of Design and
Construction, and Dr. J. W. Hilf,* Chief,
Division of Design. The text was written by
members of the Concrete Dams Section,
Hydraulic Structures Branch, Division of
Design, except for Appendix L “Inflow Design
Flood Studies,” which was written by D. L..
Miller,* of the Flood and Sedimentation
Section, Water and Management Planning
Branch, Division of Planning Coordination.
Members of the Concrete Dams Section who
made substantial contributions to the text
include: M. D. Copen,* James Legas, E. A.
Lindholm, G. S. Tarbox, L. H. Roehm, H. L.
Boggs, C. W. Cozart, R. O. Atkinson, G. F.
Bowles, M. A. Kramer, F. D. Reed,* C. L.
Townsend,* J. S. Conrad,* R. R. Jones, C. W.
Jones,* J. L. Von Thun, and J. T. Richardson.*
The major editing and coordinating of the text
was done by E. H. Larson,* and the final
preparation of the text for printing was done
by R. E. Haefele and J. M. Tilsley, all of the
Publications Section, Technical Services and
Publications Branch, Division of Engineering
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Support. The authors and editors wish to
express their appreciation to the personnel in
the General Services Branch for their
contributions and to the technicians of
Concrete Dams Section and Drafting Branch
who prepared charts, tables, and drawings for
use in the text.

The methods of design and analysis were
developed through the efforts of dedicated
Bureau engineers during the many years the
Bureau of Reclamation has been designing and

constructing concrete arch dams. Their efforts
are gratefully acknowledged.

There are occasional references to
proprietary materials or products in this
publication. These must not be construed in
any way as an endorsement of the Bureau of
Reclamation since such endorsement cannot be
made for proprietary products or processes of
manufacturers or the services of commercial
firms for advertising, publicity, sales, or other
purposes.



Contents

PREFACE

Section

N N

2-1.
2-2.

2-4.
2-5.

2:6.
27,

2-8.
2.9,

Chapter I—Introduction

Scope

Classifications
General dimensions
Arch dam definitions

Chapter ll—Design
Considerations
A. LOCAL CONDITIONS

General
Data to be submxtted

B. MAPS AND PHOTOGRAPHS

General
Survey control .
Data to be submitted

C. HYDROLOGIC DATA

Data to be submitted
Hydrologic investigations

D. RESERVOIR CAPACITY AND
OPERATION

General .
Reservoir allocatlon
definitions
(a) General .o
(b) Water surface elevatlon
definitions .
(c) Capacity definitions

2-10. Data to be submitted

Page
\'%

B = -

O\ L W W

-1 O\

Chapter Il—Design

Considerations—Continved

Section

2-11.

2-12.

2-13.
2-14.

2-15.

2-18.

2-19.
2-20.

2-21.
2-22.

2-23.
2-24.
2-25.

2-26.
2-27.

E. CLIMATIC EFFECTS

General
Data to be submltted

F. CONSTRUCTION MATERIALS

Concrete aggregates

Water for construction
purposes .

Data to be submltted

G. SITE SELECTION

. General
. Factors in site selectlon

H. CONFIGURATION OF DAM

General

1. FOUNDATION INVESTIGATIONS

Purpose .

Field 1nvest1gat10ns

(a) Appraisal investi-

gation .

(b) Feasibility mvestlgatlon

(c) Final design data

Construction geology

Foundation analysis
methods

In situ testing

Laboratory testing .

Consistency of presentatlon
of data

J. CONSTRUCTION ASPECTS

General .
Construction schedule

Page

12
13

13

13
13

13
14

14

15
135

15

17
17

17
18
18

18

19
19

VII



VIl

Chapter ll—Design
Considerations—Continued
K. MISCELLANEOUS CONSIDERATIONS

Section Page
2-28. Data to be submitted . . . . 19
2-29. Other considerations . . . . 20

L. BIBLIOGRAPHY
2-30. Bibliography . . . . . . . 22
Chapter lll—Design Data and

Criteria
A. INTRODUCTION

3-1. Basic assumptions . . . . . 23
B. CONCRETE
3-2. Concrete properties ... .23
(a) Strength . . . . . . . 24
(b) Elastic properties . . . . 24
(¢) Thermal properties . . . 24
(d) Dynamic properties . . . 24
(e) Other properties . . . . 24
(f) Average concrete
properties . . . . . . 24

C. FOUNDATION

3-3. Foundation deformation .. 25
3-4. Foundation strength . . . . 27
3-5. Foundation permeability . .29
D. LOADS

3-6. Reservoir and tailwater . . . 29
3-7. Temperature . . . . . . . 30
3-8. Internal hydrostatic

pressures . . . . . . . . 31
39. Deadload . . . . . . . . 32
3-10. Ice - X )
311,08t ... . . . . . . . 33
3-12. Earthquake B X

Chapter lll—Design Data and

Section

3-13.
3-14.
3-15.

3-16.

3-21.

4-7.

CONTENTS

Criteria—Continved
E. LOADING COMBINATIONS

General

Usual loading combmatlons

Unusual and extreme loading
combinations .

Other studies and 1nvest1-
gations

F. FACTORS OF SAFETY

. General .
. Allowable stresses

Shear stress and sliding
stability

. Foundation stablhty

G. BIBLIOGRAPHY

Bibliography

Chapter IV—Layout and

Analysis

General
Notations

A. LAYOUT OF DAM

Current practice

Level of design

Required data

Procedure .

(a) Determination of
R,yis and central
angle . .

(b) Defining the reference
plane and crown
cantilever .

(c) Laying out the arches

Factors to be considered

in the layout .
(a) Length-height ratlo

Page

34
34

34

34

35
35

36
36

36

39
40

43
43
44
44

44

44
46

47
47



CONTENTS

Section

4-8.
4-9.
4-10.

4-11.
4-12.

4-13.
4-14.
4-15.
4-16.
4-17.
4-18.

4-19.
4-20.

4-21.

4-22.
4-23.

4-24.

4-25.

4-26.

Chapter IV—Layout and
Analysis—Continued

A. LAYOUT OF DAM-Continued

(b) Symmetry

(c) Canyon shape

(d) Arch shapes

(e) Arch abutments .

(f) Spillway through arch

(g) Freeboard

(h) Corbeling

Analyses .

Evaluation of analyses

Modifications to the
layout

B. TRIAL-LOAD METHOD
OF ANALYSIS

Introduction
Types of trial-load
analyses

. Theory of the Trial-Load Method

General .
Trial-load procedure
Radial adjustment
Tangential adjustment
Twist adjustment
Radial, tangential, and
twist readjustments
Abutment deformations
Effect of temperature
changes
Stresses due to welght
ofdam . . .
Effect of crackmg
Nonlinear stress distri-
bution
Abutment stablllty

2. Discussion of Method

Assumptions and their
explanations
Arches and cantilevers
(a) Coordinate systems
(b) Selection of arches
and cantilevers

Page

47
47
48
50
52
52
52
52
52

52

53
53

56
57
58
59
59

60
61

61

61
61

62
62

62
64
64

64

Section

4-27.

4-28.

4-29.

4-30.

4-31.

Chapter IV—Layout and
Analysis—Continued

B. TRIAL-LOAD METHOD
OF ANALYSIS—Continued

(c) Adjustment of arches
and cantilevers

Design data

(a) Constants and struc-
tural data

(b) Forces acting on the
dam

External loads, 1nterna1

loads, and unit loads

(a) External loads

(b) Internal loads

(¢) Unit cantilever loads

(d) Unit arch loads

3. Preparation for Trial-Load
Adjustments

General considerations

(a) Preliminary studies

(b) Layout of arches

(c) Layout of cantilevers

(d) Design data

Foundation constants

(a) General discussion

(b) Assumptions

(c) Notations

(d) Equations

Uncracked-cantilever

analysis

(a) Introduction .

(b) Properties of a radial-
side cantilever

(c) Weights and moments
due to concrete and
vertical initial
loads on cantilever

(d) Cantilever deflections
due to linear temper-
ature effects

(e) Forces and moments
due to trial loads
on a cantilever

(f) Forces and moments
due to horizontal
initial loads

IX

Page

65
66

66
66

67
67
67
68
70

72
72
72
72
72
72
72
74
74
74

82
82

83

84

84

85

86



Section

4-32.

4-33.

4-34.

Chapter IV—Layout and

Anulysis——Continued

B. TRIAL-LOAD METHOD
OF ANALYSIS—Continued

(g) Unit triangular loads
(h) Deflections and angular
movements of a

radial-side uncracked
cantilever .
(i) Convention of signs
Cantilever data by
Simpson’s rule
(a) Weights and moments
due to concrete
(b) Weights and moments
due to vertical
upstream waterload
(c) Weights and moments
due to downstream
waterload . . .
(d) Weights and moments
due to superstructure
loads
Cracked-cantilever
analysis
(a) General dxscussmn
(b) Notations
(c) Cracking at upstream
face
(d) Cracking at downstream
face .
(e) Deflections of cracked
cantilever
Circular arch of umform
thickness
(a) General
(b) Arch loads
(¢) Assumptions
(d) Theory .
(e) Convention of 31gns .
(f) Arch forces and defor-
mations -
(g) Arch constants
(h) Load constants
(i) Uniform radial load
(j) Triangular radial load

(k) Uniform tangential load .

(1) Triangular tangential
load

Page
86

87
90

91

91

93

95

95
95
95
96
96
101
104
105

105
106

. 105
. 106
. 107

. 107
. 116
. 117
. 118
. 120
. 121

. 123

Section

4-35.

4-36.

4-37.

4-38.
4-39.
4-40.
4-41.
4-42.

4-43.

4-44.

CONTENTS

Chapter IV—Layout and

Analysis—Continued

B. TRIAL-LOAD METHOD
OF ANALYSIS—Continued

(m) Uniform twist load
(n) Triangular twist lpad
(0) Temperature load
(p) Summary of load
formulas
Circular arch of varlable
thickness
(a) General dlscussmn
(b) Notations
(¢) Arch constants
(d) Load constants
(e) Application of arch
formulas .
Arch with intrados flllets
(a) General discussion
(b) Notations
(c) Arch constants
(d) Load constants
(e) Application of formulas
Three-centered, variable-
thickness with nonradial
abutments, noncircular,
and cracked arches
(a) Three-centered arch
(b) Variable-thickness arch
with triangular
wedge abutment
(¢) Noncircular arches
(d) Cracked arches

4. Procedure for Trial-Load

Adjustments

Radial adjustment

Tangential adjustment

Twist adjustment

Readjustments .

Adjustments for Poisson’s
ratio effects

Adjustment for vertlcal
displacement effects

5. Calculation of Stresses

General considerations

Page

. 124
. 125
. 125

. 128

. 128
. 128
. 130
. 130
. 132

135

. 135
. 135
. 136
. 136
. 137
. 137

137

. 137

. 139
. 141
. 142

. 143
. 143
. 144
. 145
. 145

. 148

. 149



CONTENTS

Chapter IV—Layout and

Analysis—Continued

B. TRIAL-LOAD METHOD
OF ANALYSIS—Continued

Section

(a) Notations and defi-
nitions .

Stresses at faces of dam

(a) Procedure

(b) Stresses at downstream
face

(c) Stresses at upstream
face . . .

(d) Stresses at faces of
dam where abutment
wedge occurs

Stresses on horizontal

and vertical planes

(a) Procedure .

(b) Normal stresses on
horizontal plane
for cantilevers and
arches

(c) Tangential and rad1a1
shear stresses on
horizontal plane for
cantilevers

(d) Radial shear on verti-
cal plane for arches

(e) Horizontal radial
stresses on vertical
tangential planes

(f) Summary of stresses

Stresses on other planes

(a) Stresses on abutment
plane

(b) Stresses on 1nc11ned
circumferential area

(¢c) Stresses on oblique
plane

(d) Principal stresses in
interior of dam

4-45.

4-46.

447,

C. ARCH DAM STRESS ANALYSIS
SYSTEM

4-48. Introduction )
4-49. Comparison with trlal-
load method

Page

149
151
151
151

156

157

159
159

159

159
162
162
165
165
165
166
167

169

170

. 170

XI
Chapter IV—Layout and
Analysis—Continued
C. ARCH DAM STRESS ANALYSIS
SYSTEM—Continued
Section Page
4-50. Program organization . . . . 171
4-51. Capabilities T I ]
(a) Geometry e s 172
(b) Loading . . . . . . . 172
(c) Other variables . . . . . 173
4-52. Input requirements . . . . . 173
4-53. Qutput . . . . . . . . . 173
4-54. Limitations P W
D. DYNAMIC ANALYSIS
4-55. Earthquake (Response
Spectra Method) . . . . . 175
(a) Introduction . . . . . 175
(b) Natural frequencies . . . 175
(¢) Earthquake loading with
dynamic response . . . 178
4-56. Earthquake (Time-History
Method) . . . . . . . . 179
(a) Introduction .. . .. 179
(b) Natural frequencies
and mode shapes .. . 179

(¢) Time varying response
of a system to
external loads .. . . 181
(1) Structure with a
single degree of
freedom . . . . . 181
(2) Structure with
several degrees
of freedom . . . . 182

E. THE FINITE ELEMENT METHOD
OF ANALYSIS

4-57. Introduction . . . . . . . 183
1. Two-Dimensional Finite
Element Program
458. Purpose . . . . . . . . 184
4-59, Method . . . . . . . . 184

4-60. Input . . . . . . . . . 184



XIl

E. THE FINITE ELEMENT METHOD

Section

4-61.
4-62.
4-63.
4-64.

4-65.
4-66.

4-67.
4-68.
4-69.

4-70.
4-71.

4-72.
4-73.

4-74.

4-75.

Chapter IV—Layout and
Analysis—Continued

OF ANALYSIS—Continued

Output
Capabilities
Limitations
Approximations

2. Three-Dimensional Finite
Element Program

Introduction
Capabilities and
limitations
Input
Output .
Application to arch dams

Page

. 184
. 184
.185
. 185

. 185

. 186
. 186
. 186
. 187

Three-Dimensional Finite Element

Program for Arch Dams and
Their Foundations

Introduction

Input

(a) Elements

(b) Geometry .o
(c) Material properties
(d) Loads .
Output

Application

F. FOUNDATION ANALYSIS
Purpose
1. Stability Analyses

Methods available
(a) Two-dimensional
methods R
(1) Rigid section
method
(2) Finite element
method
(b) Three-dimensional
methods

. 187
. 187
. 187
. 187
. 188
. 188
. 188
. 188

. 188

. 188
. 188
. 188
. 188
. 188

F.

Section

4-76.

4-717.

4-78.

4-79.

4-80.

CONTENTS

Chapter IV—Layout and
Analysis—Continued

FOUNDATION ANALYSIS—Continued

(1) Rigid block method
(2) Partition method
(3) Finite element
method
Two-dimensional
methods
(a) Rigid section
method
(b) Finite element
method
Three-dimensional
methods . .
(a) Rigid block method
(b) Partition method
(c) Finite element
method

2. Other Analyses

Differential displacement
analysis

Analysis of stress concen-
trations due to bridging

G. BIBLIOGRAPHY

Bibliography

Chapter V—River
Diversion

A. DIVERSION REQUIREMENTS

General .

Characteristics of stream—
flow

Selection of d1ver51on
flood .

Regulation by an exnstmg
upstream dam

Turbidity and water
pollution control

Page

188
188

188
188
189
189
189
189
190

191

192

192

. 193

195
195
195
196

196



CONTENTS

Chapter V—River
Diversion—Continved
B. METHODS OF DIVERSION

Section Page
§6. General . . . . . . . . . 197
5-7. Tunnels . . .. . . 198
5-8. Conduits through dam .. . 200
5-9. Flumes . . . . . . 200
5-10. Multiple-stage d1ver31on ... 204
5-11. Cofferdams .. . . . . . 205

C. SPECIFICATIONS REQUIREMENTS

5-12. Contractor’s responsibilities . . 207
5-13. Designer’s responsibilities . . 207

Chapter Vi—Foundation
Treatment
A. EXCAVATION

6-1. General . . . . . . . . . 209

6-2. Shaping . . . . . . . . . 209

6-3. Dental treatment ... .. 209

6-4. Protection against piping . . 210
B. GROUTING

6-5. General . . . . . . . . . 211

6-6. Consolidation grouting . . . 211

6-7. Curtain grouting ... .. 214
C. DRAINAGE

6-8. Foundation drainage . . . . 215

D. BIBLIOGRAPHY
6-9. Bibliography . . . . . . . 218
Chapter VIl—Temperature

Control of Concrete
A. INTRODUCTION

7-1. Purposes . . . A B
7-2.  Volumetric changes L. L0219

Section

7-3.
7-4.
7-5.

710

Chapter Vll—Temperature
Control of Concrete—
Continved

A. INTRODUCTION—-Continued

Factors to be considered
Design data
Cracking

B. METHODS OF TEMPERATURE
CONTROL

Precooling

Postcooling .

Amount and type of

cement .

Use of pozzolans

Miscellaneous measures

(a) Shallow construction
lifts

(b) Water curing

(¢) Retarding agents

(d) Surface treatments

(e) Rate of temperature
drop

C. TEMPERATURE STUDIES

. General scope of studies

2. Range of concrete tempera-

tures
(a) Ambient air temperatures
(b) Reservoir water tempera-
tures .
(¢) Solar radiation effect
(d) Amplitudes of concrete
temperatures
. Temperature gradients
. Temperature rise
. Artificial cooling
. Miscellaneous studies

D. DESIGN CONSIDERATIONS

. Placing temperatures

. Closure temperaiure

. Size of construction
block

XIII

Page

. 220

220

221

. 223
. 224

. 224
. 228
. 225

. 225
. 225
. 225
. 226

. 226

. 226

226
221

. 227
. 227

. 228
. 228
. 231
. 233
. 236

. 237
. 238

. 239



X1v

Chapter Vil—Temperature

Control of Concrete—
Continued

D. DESIGN CONSIDERATIONS—Continued

Section

7-20.
7-21.
7-22.
7-23.
7-24.

7-25.

7-26.
7-27.

7-2
7-2
7-3

7-31.

OV

(a) Length of construction
block .

(b) Width of constructlon
block ..

Concrete cooling systems

Height differentials

Lift thickness

Delays between placements

Closure slots

E. CONSTRUCTION OPERATIONS

Temperature control
operations

(a) Initial cooling .

(b) Intermediate and final
cooling .

(¢) Warming operations

Foundation irregularities

Openings in dam

Forms and form removal

Curing

Insulation

F. BIBLIOGRAPHY

Bibliography

Chapter Vlll—Joints in
Structures

Purpose

Contraction Jomts

Expansion joints
Construction joints

Spacing of joints

Keys

Seals . . .

(a) Metal seals . .
(b) Polyvinyl chioride seals .
(c) Other seals

Joint drains

Page

. 239

. 239
. 240
. 244
. 244
. 244
. 245

. 245
. 246

. 246
. 247
. 248
. 248

248

. 248

249

. 249

251
251
255
255
255
256
256

. 256
. 258
. 258
. 258

Section

CONTENTS

Chapter VIll—Joints in
Structures—Continuved

8-9. Grouting systems
8-10. Grouting operations

Chapter IX—Spillways

Page

. 258
. 261

A. GENERAL DESIGN CONSIDERATIONS

9.
9

94,
9-5.

\© o

9-8.

9-9.

1.
-2.

Function .
Selection of inflow
flood
(a) General consxderatlons
(b) Inflow design flood
hydrograph
Relation of surcharge
storage to spillway
capacity
Flood routing
Selection of spillway size
and type
(a) General con51derat10ns
(b) Combined service and
auxiliary spillways

B. DESCRIPTION OF SPILLWAYS

Selection of spillway layout -

Spillway components

(a) Control structure

(b) Discharge channel

(¢) Terminal structure

(d) Entrance and outlet
channels

Spillway types .

(a) Free fall spillways

(b) Ogee (overflow)
spillways

(c) Side channel splllways

(d) Chute spillways

(e) Tunnel spillways

() Morning glory spillways

Controls for crests .

(a) Flashboards and
stoplogs . .

(b) Rectangular lift gates

(c) Radial gates

. 263

. 263
. 263

. 264

. 264
. 265

. 268
. 268

. 269

. 270
. 270
. 270
. 271
. 27

. 272
. 273
. 273

273
273
274

275
276
276

. 276

277
277



CONTENTS

Chapter IX—Spillways—
Continued

B. DESCRIPTION OF SPILLWAYS—Continued

Section

9-12.

9-13.

9-14.

9-17.

. Orifice control structure

(d) Drum gates
(e) Ring gates

C. CONTROL STRUCTURES

. Shape for uncontrolled

ogee crest

. Dlscharge OVEr an uncon-

trolled overflow ogee
crest .. .
(a) Coefficient of d1scharge .
(b) Effect of depth of
approach .
(c) Effect of upstream
face slope PR
(d) Effect of downstream
apron interference and
downstream submer-
gence .o
(e) Effect of heads dlf-
fering from design
head .
(f) Pier and abutment
effects
Uncontrolled ogee crests
designed for lessthan
maximum head
Gate-controlled ogee
crests .
Discharge over gate-
controlled ogee
crests

(a) Shape .
(b) Hydraulics

. Side channel control

structures
(a) Layout
(b) Hydraulics .

D. HYDRAULICS OF DISCHARGE
CHANNELS

General

Page

. 278
. 278

. 278

281

. 281

281

. 282

. 284

. 284
. 284

. 286

287

. 289
. 289
. 289
. 289

. 290

. 290
. 292

. 294

Section

9-18.

9-19.

9-20.

9-21.

9-22.
9-23.

9-24.

9-25.
9-26.
9-27.
9-28.
9-29.

9-30.

Chapter lX—gpillwdys-—
Continued

D. HYDRAULICS OF DISCHARGE
CHANNELS—Continued

Open channels

(a) Profile

(b) Convergence and d1ver-
gence . .

(c) Channel freeboard

Tunnel channels

(a) Profile .

(b) Tunnel cross sectlon

Cavitation erosion of

concrete surfaces

E. HYDRAULICS OF TERMINAL
STRUCTURES

Hydraulic jump stilling
basins . .
(a) Hydraulic des1gn
.of stilling basins
(b) Rectangular versus’
trapezoidal stilling
basin . .
(c) Basin depths by approx1-
mate methods
(d) Tailwater considera-
tions . .
(e) Stilling basin freeboard
Deflector buckets
Submerged bucket energy
dissipators
Plunge pools

(DROP INLET) SPILLWAYS
General characteristics
Crest discharge
Crest profiles
Orifice control
Tunnel design
G. STRUCTURAL DESIGN

General

XV

Page

. 295
. 295

297
297
299
299
299

300

. 300

301

. 306
. 309

. 309
. 312
- 312

. 313
. 315

. HYDRAULICS OF MORNING GLORY

. 317
. 317
. 321
. 321
. 327

328



XVI

Section

9-31.

10-1.

10-2.
10-3.
104.

10-5.

10-6.

10-7.

10-8.
10-5.

10-10.

10-11.

Chapter IX—Spillways—

Continued
H. BIBLIOGRAPHY

Bibliography

Chapter X—Outlet Works

and Power Outlets
A. INTRODUCTION

Types and purposes .

B. OUTLET WORKS OTHER THAN

POWER OUTLETS

General

Layout ..
Intake structures .
(a) Trashrack

(b) Entrance and transition .

Conduits . .

Gates and outlet controls .

(a) Location of control
devices .

(b) Types of gates and
valves ..

Energy dissipating devxces

1. Hydraulic Design of
Outlet Works

General considerations .

Pressure flow in outlet
conduits

Pressure flow losses in
conduits

(a) Friction losses

(b) Trashrack losses

(¢) Entrance losses

(d) Bend losses

(e) Transition losses

(f) Gate and valve losses

(g) Exit losses

Transition shapes

{(a) Entrances

Page

. 329

. 331

332
332
334
334

. 335

335
338

338

339
340

340

. 340

342
342
343
343
345
345
345
346
347
347

Chapter X—Outlet Works

Section

10-12.

10-13.

10-14.
10-15.
10-16.
10-17.
10-18.

10-19.
10-20.
10-21.

10-22.
10-23.
10-24.

10-25.

10-26.

CONTENTS

and Power Outlets—
Continued

. OUTLET WORKS OTHER THAN

POWER OUTLETS—Continued

(b) Contractions and
expansions
Energy dissipating dev1ces
(a) Hydraulic jump basins
(b) Plunge pools
Open channel flow in
outlet works

2. Structural Design of
Outlet Works

General

Trashrack

Conduit .

Valve or gate house

Energy dissipating
devices .

C. POWER OUTLETS

General

Layout .

Intake structures

(a) Trashracks .

(b) Bellmouth entrance

(c) Transition

Penstocks

Gates or valves

Hydraulic design of
power outlets

(a) Size determination of

penstock

(b) Intake structure

Structural design of
power outlets

(a) Trashrack

(b) Penstocks

D. BIBLIOGRAPHY

Bibliography

Page

347
347
348
348

348

. 349
. 349
. 349
. 349

. 349

350
350
351
351
354
354
354
354

355

355
355

356
356
356

. 356



CONTENTS

Chapter XI—Galleries and
Adits

Section

11-1.
11-2.
11-3.

General

Purpose .

Location and size .
(a) Foundation gallery
(b) Drainage gallery
(c) Gate galleries and

chambers .

(d) Grouting galleries
(e) Visitors’ galleries
(f) Cable galleries
(g) Inspection galleries

Drainage gutter

. Formed drains

. Reinforcement

. Services and utilities

-8. Miscellaneous details

Chapter Xll—Miscellaneous

Appurtenances
12-1. Elevator tower and shaft
(a) Design of shaft
(b) Design of tower .
12-2. Bridges . . . . . . .
12-3. Top of dam
12-4. Fishways
12-5. Restrooms
12-6. Service 1nsta11at10ns
(a) Electrical services
(b) Mechanical services
(c) Other service instal-
lations . . . . .
Chapter XIll—Structural
Behavior Measurements
13-1.  Scope and purpose
(a) Development of
methods . .
(b) Two general methods
13-2. Planning . .
13-3. Measurement systems

(a) Embedded instrument
measurements

Page

357
357
357
357
357

. 357

361
361
361
361
361
361
361

362

362

. 363
. 363
. 366
. 366
. 367
. 368
. 368
. 369
. 369
. 369

369

371

. 371
. 371
. 372
. 372

. 372

Chapter Xlll—Structural
Behavior Measurements—

Continved
Section
(b) Deformation measure-
ments
13-4. Embedded mstrumenta-
tion .
13-5. Supplementary laboratory
tests .
13-6. Deformation 1nstrumenta-
tion .
13-7. Other measurements
(a) Uplift pressure
measurements
(b) Drainage flow measure-
ments B .
13-8. Measurement program
management
13-9. Data processing

13-10. Results . .
13-11. Bibliography

Chapter XIV—Concrete

Construction
14-1. General .
14-2. Design requirements .
14-3. Composition of concrete
144. Batching and mixing
14-5. Preparations for placing
14-6. Placing
14-7. Curing and protectlon
14-8. Finishes and finishing
14-9. Tolerances .
14-10. Repair of concrete

Chapter XV—Ecological and
Environmental
Considerations

A. INTRODUCTION

15-1. General considerations .
15-2. Planning operations .

XVII

Page

. 376
. 377
. 384

- 385
- 389

. 389

391

391
393
394

. 394

. 397
. 397
. 398

399

. 399

400

. 400

400

. 401

401

. 403
. 404



XVIII
Chapter XV—Ecological and
Environmental
Considerations—Continved
B. FISH AND WILDLIFE
CONSIDERATIONS
Section Page
15-3. General . . . 404
154. Ecological and environ-
mental considerations
for fish . ) . 404
15-5. Environmental consxdera—
tions for wildlife . 407
C RECREATIONAL CONSIDERATIONS
15-6. General . . 409
15-7.  Recreational development . 409
D. DESIGN CONSIDERATIONS
15-8. General . . . 409
159. Landscape cons1derat10ns . . 411
15-10. Protective considerations . 412
15-11. Construction consider-
tions . 412
E. BIBLIOGRAPHY
15-12. Bibliography . 413
Appendix A—Preliminary
Layout and
Volume Nomographs
A-1l General . 415
Appendix B—Cantilever
Computations for Radial
and Unit Loads
B-1.  Design assumptions for
Monticello Dam . 421
B-2. Computations for un-
cracked cantilevers . . 424
B-3.  Design assumptions for
Clear Creek Dam . 439

Section

B-4.

C-7.

C-8.
C9.

C-10.
C-11.

C-12.
C-13.

C-14.

C-15.

CONTENTS

Appendix B—Cantilever
Computations for Radial
and Unit Loads—
Continved

Computations for cracked
cantilever

Appendix C—Arch
Computations for
Initial and
Unit Loads

A. UNIFORM-THICKNESS CIRCULAR
ARCH

Introduction
Computation forms
Design data, properties,
and dimensions of
arches
Arch and foundatlon
data .
Crown constants and
forces L.
Moments, thrusts,
shears, and radial
deflections
Tangential deflectlons
and angular move-
ments .
Use of general forms
Symmetrical arch with
nonsymmetrical
loads
Nonsymmetncal arch
Curves and tabulations .

B. UNIFORM-THICKNESS ARCH
WITH FILLETS

Introduction

Arch constants for flllet
arch

Load constants for flllet
arch

Other calculatlons

Page

. 439

. 451
. 451

. 451

- 456
. 462

. 462

- 466
. 466

. 466
. 473
. 473

. 474
. 474

. 476
. 490



CONTENTS

C. VARIABLE-THICKNESS ARCH WITH
TRIANGULAR WEDGE ABUTMENTS

Section

C-16.
C-17.
C-18.

C-19.

C-20.
C-21.

C-22.

C-23.

C-24.
C-25.

C-26.

D-2.
D-3.
D-4.
D-S.

D-7.

Appendix C—Arch
Computations for

Initial and
Unit Loads—Continued

Introduction
Properties of arch
Eccentricities and multi-
pliers for arch and
load constants
Arch constants for
variable-thickness
central section and
wedge section
Coordinates of arch
points .
Total arch constants at
arch points
Calculation of M, , H T
and V; due to
radial loads
Calculation of D-terms
due to radial loads
Calculation of M; , H; ,
and V; due to
tangential loads .
Calculation of D-terms
due to tangential
loads
Calculation of M L and
D-terms due to twist
loads

Appendix D—Radial,
Tangential, and Twist
Adjustments

Introduction

Radial adjustment
Tangential adjustment
Twist adjustment
Radial readjustment
Tangential readjustment
Twist readjustment

Page
494

- 496
. 496
- 496

. 497

. 497

508
508

508

522

530

539

. 539
. 539

539
558
558
558

Section

D-8.

E-1.
E-2.

F-1.
F-2.

F-3.

F-6.

F-7.

F-9.

F-10.

Appendix D—Radial,
Tangential, and Twist
Adjustments—Continued

Final radial, tangential,
and twist readjust-
ments

Appendix E—Effects of
Poisson’s Ratio and
Vertical Displacement

Introduction

Adjustment for P01sson s
ratio effect

Vertical displacement
adjustment

Appendix F—Stress
Computations

Introduction . .
Weight and bending
moments in cantilevers
Vertical and inclined
stresses at face of
cantilever
Normal horizontal arch
stress and horizontal
arch stress parallel
to intrados .
Tangential cantilever
shear stresses on
horizontal planes
Shear stresses on abutment
planes
Maximum honzontal
shear stresses on
rock planes .
Maximum horizontal
arch shear stresses
Maximum horizontal
radial cantilever shear
stresses .
Principal stresses paral—
lel to upstream face

XIX

Page

558

583
583
584

605
605

605

605

610

610

610

610

610

610



XX
Appendix F—Stress
Computations—Continued
Section

F-11. Principal stresses paral-
lel to downstream face

Appendix G—Arch Dam
Stress Analysis System

(ADSAS)
G-1. General
G-2. Input
G-3. Output

G-4. Summary

Appendix H—Tables for Arch

Analysis

H-1. Introduction
H-2.  Arrangement of tables
H-3.  Tables of trigonometric
data for arch con-
stants
H-4. Constants for cucular
arches
H-5. Explanation and arrange-
ment of tables .
H-6. Formulas in trigonometric
form
H-7. Formulas in power series
H-8. Tables of D-terms or
load constants .
H-9.  Evaluation of tables of
D-terms or load
constants
H-10. Tabulation of D-terms
H-11. Trigonometric tables

Appendix I—Special

Studies
I-1. Introduction )
I-2. Introduction to nonlmear
stress analysis
I-3. Cantilever with radial

sides .
14, Twist effects

Page

617

621
621
621
621

649
649
649
649
650

650
652

655

655
656
656

715
716

716
716

CONTENTS
Appendix I—Special
Studies—Continued

Section Page
I-5. General discussion on

foundations . . . . 1716
I-6. Two-dimensional study of

spreading of abutments

at HooverDam . . . . . . 717
1-7. Three-dimensional study

of spreading of abut-

ments at Hoover Dam . . . 717
1-8. Foundation closing loads

at HooverDam . . . . . . 719
I-9. Strains in canyon floor

at HooverDam . . . . . . 720
1I-10. Canyon-wall tilting at

HooverDam . . . . . . . 720
I-11. Results of abutment

movement analysis ... . 723
I-12.  Stresses in floor at

HooverDam . . . . . . . 724
I-13.  Strain measurements at

Hoover Dam . . . .. . 725
I-14. Results of measurements .. 727
I-15. Types of experimental

investigations e ... T727
I-16. Structural model tests . . . . 727
I-17. Photoelastic analyses . . . . 727
I-18. Bibliography . . . . . . . . 728

Appendix J—Finite
Element Method—
Two-Dimensional

Analysis
J-1. Introduction . . . . . . . 73§
J-2.  Grid and numbering .. . . 1735
J-3. Input . . . . . . . . . . 1735
J4. Qutput . . . . . . . . . 1735
J-5. Bibliography . . . . . . . 741
Appendix K—Hydraulic Data
and Tables
K-1.  Lists of symbols and
conversion factors . . . . . 743

K-2. Flowin openchannels . . . . 74§



CON

TENTS

Appendix K—Hydraulic Data
and Tables—Continuved

Section

K-4.
K-5.

L-2.
L-3.
L-4.
L-S.

L-6.
L-7.

(a) Energy and head

(b) Critical flow

(¢) Manning formula

(d) Bernoulli theorem

(e) Hydraulic and energy
gradients .

(f) Chart for approx1mat1ng
friction losses in
chutes .

Flow in closed condults

(a) Partly full flow in
conduits

(b) Pressure flow in
conduits

(c) Energy and pressure
gradients

(d) Friction losses

Hydraulic jump

Bibliography

Appendix L—Inflow Design
Flood Studies

Introduction

(a) Items to be evaluated

(b) Discussions in this
text

A. COLLECTION OF HYDROLOGIC
DATA FOR USE IN
ESTIMATING FLOODFLOWS

General
Streamflow data
Precipitation data
Watershed data

B. ANALYSES OF BASIC
HYDROLOGIC DATA

General .
Estimating runoff from
rainfall
(a) General
(b) Analysis of observed
rainfall data

Page

. 745
. 748
. 751
. 753

. 753

754
754

754
757
759

759
759

. 760

763

. 763
. 764

. 165
. 765
. 766
. 167

767

768
768

. 769

XX1
Appendix L—Inflow Design
Flood Studies—Continued
B. ANALYSES OF BASIC HYDRO-
LOGIC DATA-Continued
Section Page
(1) Mass curves of
rainfal . . . . . 769
(2) Isohyetalmaps . . . 769
(3) Average rainfall
by Thiessen
polygons A i |
(4) Determination of
rainfall excess - . . 772

(5) Discussion of
observed rain-
fall analyses
procedures . . . . 773
(6) Method of esti-
mating retention
losses .o . 774
(I) Hydrologic s011
groups . . . 774
(II) Land use and
treatment
classes . . . 775
(I1I) Hydrologic
soil-cover
complexes . . 776
(IV) Rainfall-runoff
curves for
estimating
direct runoff
amounts . . 776
(V) Antecedent
moisture
conditions . . 776
L-8.  Analyses of streamflow
data .o . . 778
(a) Unit hydrograph (umt—
graph) principles .. . 781
(b) Selection of hydro-
graphs to analyze . . . 783
(c) Hydrograph analyses—
base flow separation . . 783
(d) Hydrograph analysis
of direct runoff—
need for synthetic
unit hydrographs . . . 783



XXII

Appendix L—Inflow Design
Flood Studies—Continued

B. ANALYSES OF BASIC HYDRO-
LOGIC DATA—Continued

Section

(e) Hydrograph analysis
of direct runoff—
dimensionless-graph
computations and
lag-time estimates
(1) Procedures
(2) Lag-time curves

C. SYNTHETIC UNIT HYDROGRAPH

L-9.  Synthetic unitgraphs by
lag-time dimensionless-
graph method

L-10. Trial reconstruction of
past floods

L-11. Synthetic unitgraphs by
other methods

D. STREAMFLOW ROUTING

L-12. General ..

L-13. Practical methods of
streamflow routing
computations

(a) Tatum’s method

(b) Translation and storage
method

(c¢) Comparison of
methods

E. DESIGN STORM STUDIES

1L-14. General
{a) Probable maximum
precipitation (PMP)
(b) Probable maximum
storm (PMS)
(¢) Design storm
(d) Additional references
L-15. Probable maximum storm
considerations

Page

- 785
- 786

787

790
792

792

792
793
793
794

796

796
796
796
797
797

798

CONTENTS

Appendix L—Inflow Design
Flood Studies—Continued
E. DESIGN STORM STUDIES—Continued
Section Page

L-16. Procedure for storm
maximization, plains-
typeterrain . . . . . . . 799
(a) Maximization of a
storm in place of

occurrence .. . .. 799
(b) Maximization of
transposed storm . . . 800

L-17. Design storm—probable
maximum precipitation
(PMP) or probable
maximum storm (PMS)
estimates for a

watershed .. . . . 801
(a) Example of a desxgn
storm study . . . 801
(b) Generalized premplta-
tion charts . . . . . 805

F. PRELIMINARY INFLOW DESIGN
FLOOD, RAINFALL ONLY

L-18. General . . . . . . 808
L-19. Example— Prellmmary

inflow design flood

hydrographs, watersheds

east of 1059 meridian . . . 809
(a) Basin description . . . . 809
(b) Dimensionless-graph

selection .« . . . . 814
(c) Lag-times . . . . . . 814
(d) Preliminary design

stormvalues . . . . . 816

(e) Arrangement of design

storm rainfall incre-

ments and computation

of increments of

rainfall excess . . . . 8l6
() Computation of prelim-

inary inflow design

flood hydrographs . . . 820



CONTENTS

Appendix L—Inflow Design
Flood Studies—Continued

F. PRELIMINARY INFLOW DESIGN
FLOOD, RAINFALL ONLY—Continued

Section Page

L-20. Preliminary inflow design
flood estimates,
watersheds west of
1050 meridian . . . . . . 824
(a) Preliminary design.
storm values, water-
sheds west of 1059
meridian . . .. 825
(b) Arrangement of demgn
storm increments of
rainfall . . . .. . 827
(¢) Assignment of" runoff
curve number, CN,
and computation
of increments of

excess rainfall ... . 827
(d) Floods from design
thunderstorm rainfall . . 827

Recommendations for
routing preliminary
inflow design floods
through a proposed
reservoir . . . . . . . . 827

L-21.

G. SNOWMELT RUNOFF CONTRIBUTIONS
TO INFLOW DESIGN FLOODS

L-22.
L-23.

General . . . .. . 827
Major snowmelt runoff
during seasonal melt
period for combination
with probable maximum
storm runoff . . . . . . 828
(a) Damsites for reservoirs
with no flood control
capacity proposed . . . 828
(b) Damsites for reservoirs
with proposed joint
use flood control
capacity .. . . . . 830
Probable maximum snow-
melt floods to be
combined with major
rainfloods . . . . . . . 830

L-24.

XXII

Appendix L—Inflow Design
Flood Studies—Continued

G. SNOWMELT RUNOFF CONTRIBUTIONS
TO INFLOW DESIGN FLOODS—Continued

Section Page

(a) General . . . . . . 830
(b) Considerations for

estimates of probable

maximum snowmelt

floods . . . . . 830
(¢) Springtime seasonal

probable maximum snow-

melt flood estimates . . 831
(d) Major rain-flood esti-

mates for combination

with probable maximum

snowmelt runoff .. . 832

L-25. Probable maximum
rain-on-snow IDF
estimates . . . . . . . . 832
L-26. Special situations . . . . . 833
(a) Frozen ground . . . . 833
(b) Snowmelt in the Great
Plains region of
the United States . . . 833
H. ENVELOPE CURVES
L-27. General . . . . . . . . . 833

. STATISTICAL ANALYSES—ESTIMATES
OF FREQUENCY OF OCCURRENCE

OF FLOODS
L-28. General . . . . . . 834
L-29. Hydrographs for estl-
mating diversion
requirements during
construction . . . . . . 834
J. FINAL-TYPE INFLOW DESIGN
FLOOD STUDIES
1-30. General . . . . . . . 835
L-31. Flood routing cntena . . . . 835
(a) Precedingstorms . . . . 835
(b) Seasonal flood
hydrograph . . . . . 835

(c) Operational criteria . . . 835



XX1V

Section

L-32.

z =z
[N

M-4.

M-5.

M-6.

Appendix L—Inflow Design
Flood Studies—Continued

K. BIBLIOGRAPHY

Bibliography

Appendix M—Sample
Specifications for
Concrete

Introduction

Contractor’s plants,

equipment, and con-

struction procedures

Composition

(a) General .

(b) Maximum size of
aggregate

(¢) Mix proportions

(d) Consistency

(e) Tests

Cement

(a) General

(b) Inspection

(c) Measurement and pay-
ment

Pozzolan

(a) General

(b) Inspection

(c) Measurement and pay-
ment

Admixtures

(a) Accelerator ;

(b) Air-entraining agents

(c) Water-reducing, set-
controlling admixture

(d) Furnishing admixtures

Water

Sand

(a) General

(b) Quality

(¢) Grading

Coarse aggregate

(a) General

(b) Quality

(c) Separation

Page

. 836

839

840
841
841

841
841

842

842

| 842
" 842
| 843

. 844
. 844
. 844
. 845

. 845
. 845
. 845
. 846

846

. 847

847

. 847

847
847
847
848
848
848
848

Section

M-10.

M-15.

M-16.

CONTENTS

Appendix M—Sample

Specifications for
Concrete—Continued

Production of sand and
coarse aggregate
(a) Source of aggregate .
(b) Developing aggregate
deposit .
(¢) Processing raw
materials .
(d) Furnishing aggregates
Batching .
(a) General
(b) Equipment
Mixing
(a) General
(b) Central mixers
(c) Truck mixers
Temperature of concrete
Forms
(a) General .
(b) Form sheathing and
lining .
(c) Form ties
(d) Cleaning and oﬂmg
of forms
(e) Removal of forms
Tolerances for concrete
construction
(a) General -
(b) Tolerances for dam
structures
(c¢) Tolerances for tunnel
lining
(d) Tolerances for placmg
reinforcing bars and
fabric
Reinforcing bars and
fabric .
(a) Furnishing
(b) Placing

(¢) Reinforcement drawmgs

to be prepared by
the contractor

(d) Measurement and pay-
ment

Page

849
849

849

849
850
850
850
851
852
852
852
853
853
854
854

854
855

855
855

855
855

856

857

857

. 858

858

. 858

858

859



CONTENTS

Section

M-17.

M-18.

M-19.
M-20.

M-21.

M-22.

M-23.
M-24.
M-25.

Appendix M—Sample
Specifications for
Concrete—Continued

Preparations for placing
(a) General . .
(b) Foundation surfaces

(¢) Surfaces of construction
and contraction joints .

Placing .

(a) Transportmg

(b) Placing

(¢) Consolidation

Repair of concrete

Finishes and finishing

(a) General

(b) Formed surfaces

(¢) Unformed surfaces

Protection

(a) Mass concrete . .

(b) Concrete other than
mass concrete

(¢) Use of unvented heaters .

Curing
(a) General
(b) Water curing
(c) Wax base curing

~ compound
(d) Costs .
Méasurement of concrete
Payment for concrete
Bibliography

Page

.- 859
- 859
. 859

. 859
. 860
. 860
. 860
. 862
. 863
. 863
. 863
. 863
. 864
. 865
. 865

. 865
. 865
. 866
. 866
. 866

. 866
. 867
. 867
. 867
. 867

Appendix N—Sample
Specifications for
Controlling Water
and Air Pollution

Section

N-1. Scope

XXV

Page
869

A. PREVENTION OF WATER POLLUTION

N-2. General . .
N-3.  Control of turbldlty

N-4.  Turbidity control methods.

(a) General

(b) Requirements for
turbidity control
during construction

at the damsite

(c) Bureau’s methods of
turbidity control

at the damsite

(d) Sampling and testing
of water quahty

N-5. Payment

. 869
. 870
. 870
. 870

. 870

. 871

. 871
. 871

B. ABATEMENT OF AIR POLLUTION

N-6. General .
N-7. Dust abatement

INDEX .

872
872

. 873



XXVI

Table

4-1.

4-2.
4-3.

4-4.
4-5.
4-6.
7-1.
7-2.
7-3.
7-4.
9-1.

9-2.

9-3.

9-4.

10-1.

Table

H-1.
H-2.
H-3.
H+4.
H-5.
H-6.
H-7.
H-8.

H-10.
H-11.
H-12.
H-13.

I-1.

TABLES

Crown cantilever analysis

Radial deflection analysis

Complete trial-load analysis ..
Constants for solution of crown forces
Formulas for circular arch load constants
Punched card input for ADSAS .
Thermal properties of concrete for various dams
Computation of temperature stress

Values of D, D? and hzf for pipe cooling
Temperature treatment versus block length
Flood routing computations

H
Coordinates of lower nappe surface for different values of —7%
P

when 72—= 2

H
Coordinates of lower nappe surface for different values of Fs
when£ =0.30
R-O

H
Coordinates of lower nappe surface for different values of ==~

R
whenk =0.15
Coefficients of discharge and loss coefficients for conduit
entrances

TABLES IN APPENDICES

Constants for circular arches

Trigonometric functions for arch load constants .

Additional trigonometric functions for arch load constants

Trigonometric functions and integrals for arch load constants

Integrals for arch load constants .

Additional integrals for arch load constants

Computations for load constants

Load constants for circular arches—radial deﬂectlons

Load constants for circular arches—twist and tangential
deflections

Load constants for c1rcular arches tangentlal deﬂectlons

Load constants for circular arches—radial and twist deflections

Load constants for circular arches—all deflections

Trigonometric table for arch analysis

Hoover Dam studies—computed canyon-wall movements in feet

CONTENTS

Page

55

55

56
113
129
174
222
233
236
240
267

322

323

324

345

Page

657
661
665
669
673
677
681
685

690
695
700
705
710
723



CONTENTS
Table
K-1.  Conversion factors and formulas
K-2. Velocity head and discharge at critical depths and statrc pressures
in circular conduits partly full .
K-3. Uniform flow in circular sections flowing partly full
K-4. Velocity head and discharge at critical depths and static pressures
in horseshoe conduits partly full
K-5. Uniform flow in horseshoe sections flowing partly full
L-1. Computation of rainfall increments
L-2. Computation of rainfall excess
L-3. Hydrologic soil-cover complexes and respectlve curve numbers (CN)
L-4. Curve numbers, constants, and seasonal rainfall limits
L-5. Hydrograph analysis computations .
L-6. Coefficients for floodrouting by Tatum’s method
L-7. Illustrative example of streamflow routing by Tatum’s method
L-8. Translation and storage method of streamflow routing .o
L-9. Example of design storm derivation for area east of 105° meridian
L-10. Design storm depth-duration values, inches
L-11. Constants for extending 6-hour general-type desrgn-storm values
west of 1050 meridian to longer duration periods
L-12. Preliminary design storm estimate for hypothetrcal watershed
east of 1050 meridian .
L-13. Preliminary design storm east of 1050 mendlan arrangement of
incremental rainfall; computation of incremental excesses,
AP, , for subareas A and B .
L-14. Minimum retention rates for hydrologic s011 groups .
L-15. Simulated automatic data processing printout—preliminary mflow
design flood (IDF) contribution, subarea A
L-16. Simulated automatic data processing printout— prehmmary mﬂow
design flood (IDF) contribution, subareaB . . .
L-17. Preliminary inflow design flood hydrograph, east of 105 0
meridian—same lag-time curve for both subareas .
L-18. Preliminary inflow design flood, east of 105° meridian— computatron
of incremental excesses, AP, , considering basin as a
whole, and using an area weighted CN and minimum loss rate
L-19. Preliminary inflow design flood hydrograph, east of 105©
meridian—different lag-time curve for each subarea
FIGURES
Figure
2-1. Reservoir capacity allocation sheet used by Bureau of Reclamation
2-2. A typical geologic map of an arch damsite
2-3. A typical geologic profile of a damsite ..
2-4. Typical construction schedule using Critical Path Method (CPM)

XXVII

Page

746

755
756

757
758
772
773
777
780
788
794
795
797
806
808

813
816
818
819
821
821

822

824

826

Page

10
16

20



XXVIII CONTENTS

Figure Page
2-5. Typical construction schedule using a bar diagram . . . . . . . . . . . . 21
3-1. Shear resistance on an existing joint in rock Co . .. . . . . . . 28
3-2. Comparison of assumed and actual uplift pressures on an arch

dam (Yellowtail Dam in Montana) . . e e e e e .. 32
4-1. Crown cantilever and lines of centers for a prelnmnary desrgn T 5]
4-2. Plan for a preliminary design of a single-centered arch in a

nearly symmetrical canyon . . P - Y
4-3. Two-centered arch dam with unrform-thrckness arches P .
4-4, Two-centered arch dam with variable-thickness arches at a

nonsymmetrical site .o P - £
4-5. Uniform-thickness arches with short radlus ﬁl]ets O {0
4-6. Three-centered arch dam with uniform-thickness arches . . . . . . . . . . 5l
4-7. Arch abutment types . - A
4-8. Sign convention for arch computatlons (looklng upstream) .. . .. . . . . 54
4-9. Structural elements used in a trial-load analysis . . . . . . . . . . 58
4-10. Arch and cantilever elements of a constant-radius symmetrrcal

archdam . . . R o 2
4-11. Plan, profile, and sectron of a symmetrrcal arch dam S ¢ &
4-12. Plan, profile, and section of a nonsymmetrical archdam . . . . . . . . . . 65
4-13. Diagrammatic illustration of arch and cantilever elements and

reservoirload . . . . O -
4-14. Diagrammatic illustration of radlal and tangentlal adJustments .. . . ... 69
4-15. Diagrammatic illustration of twist adjustment . . . . . . . . . . . . . . 69
4-16. Typical unit cantilever loads . . . . A0
4-17. Unit external load patterns showing pos1t1ve apphcatron S
4-18. Vertical elements of a variable-radius arch dam Y A<
4-19. Foundation deformation—values of k, in equation(1) . . . . . . . . . . . 75
4-20. Foundation deformation—values of k, in equation(2) . . . . . . . . . . . 76
4-21. Foundation deformation—values of k; in equation(3) . . . . . . . . . . . 77
4-22. Foundation deformation—values of k4 in equation(4) . . . . . . . . . . . 78
4-23. Foundation deformation—values of ks in equations (5) and (6) .. . . . . .9
4-24. Foundation surface and unit forces, moments, and movements . . . . . . . . 80
4-25. Contact of arch and cantilever with abutment . . . . . . . . . . . . . . &3
4-26. Cross section of a radial-side cantilever showing normal

loading conditions . . Y - X
4-27. Unit triangular loads for a radral s1de cantrlever .. O . 1
4-28. Diagrammatic illustration of trial-load pattern for rad1a1

adjustment .. S - ¥

4-29. Direction of positive movements forces moments and loads and
direction of forces, moments, and movements due to positive

loads .. P -3
4-30. Cantilever elements for use in Srmpson s rule P 2
4-31. Cantilever sectjon with vertical waterload . . . R, L
4-32. Horizontal section of a cantilever cracked from the upstream face

(assuming parabolic stress distribution) .. A

4-33. Horizontal section of a cantilever cracked from the upstream face
(assuming linear stress distribution) . . . . . . . . . . . . . . . . . 99



CONTENTS

Figure

4-34.
4-35.

4-36.
4-37.
4-38.
4-39.
4-40.
4-41.
4-42.
4-43.
4-44.
4-45.
4-46.
4-47.
4-48.
4-49.
4-50.

4-51.
4-52.

4-53.
4-54.
4-55.
4-56.
4-57.
4-58.
4-59.
4-60.
4-61.
4-62.
4-63.
4-64.
4-65.
4-66.
4-67.
4-68.
4-69.

4-70.
4-71.
4-72.

5-1.

Horizontal section of a cantilever cracked from the downstream
face (assuming parabolic stress distribution)

Horizontal section of a cantilever cracked from the downstream

face (assuming linear stress distribution)
Circular arch cut at crown .
Direction of positive loads, forces, moments and movements
Coordinates and crown forces for left part of arch
Radial loads on arch elements
Tangential loads on arch elements
Twist loads on arch elements
Layout of variable-thickness arch
An arch with fillets at downstream face
A three-centered arch of uniform thickness
Variable-thickness arch with triangular wedge abutments
Analysis of arches cracked at the upstream face
Diagram of radial loads and deflections for a typical arch
Diagram of stresses in arches and cantilevers .
Diagrams showing inclined cantilever stress at downstream
Axes, angles, and stresses for tetrahedron ABCO shown on
figure 4-49 ..
Stresses on tetrahedron ABCO shown on flgure 4-49

Resolution of stress at a nonradial abutment (variable-thickness

arch with a triangular abutment wedge)
Vertical cantilever element
Horizontal arch element
Stresses on inclined 01rcumferent1al area
Stresses in interior of dam . .
Unit radial loads for arch section, usmg ADSAS

Unit triangular radial load for compound section, using ADSAS

Unit radial arch load, using ADSAS

Assumed prismatic element and slopes of first and second modes

Typical body of water assumed to move with dam
Typical earthquake intensity loads
Single-degree-of-freedom structure with force at the mass
Single-degree-of-freedom structure with ground motion

A finite element with nodal point numbers and coordinate axes

A thick-shell finite element

Sketch illustrating the two—dlmensmnal stabrhty problem

Four-sided wedge for three-dimensional sliding stability analysis

Section through a potential sliding mass normal to the
intersection line of two planes

Partition method of determining shear res1stance of a block

Partition method extended to multifaced blocks

Stress distribution near a low-modulus zone

View from right abutment of partially completed Montlcello Dam in

California, showing water flowing over low blocks

XXIX

Page

102

103
108
108
109
119
122
124
130
136
138
140
142
143
152
153

155
155

158
160
160
167
168
171
171
171
176
177
179
181
181
187
187
189
189

190
191
192
192

196



XXX

Figure

Diversion of the river during construction of Folsom Dam and
Powerplant in California

Diversion tunnel for Flaming Gorge Dam a large concrete dam in
Utah—plan, profile, and sections

Typical arrangement of diversion tunnel w1th sprllway tunnel

Diversion tunnel closure structure for a large concrete dam
(Flaming Gorge Dam in Utah)

Diversion conduit through Morrow Point Dam a thm arch structure
in Colorado—plan and sections

Completed diversion flume at Canyon Ferry damsrte in Montana

Completed diversion flume at Canyon Ferry damsite in use for
first-stage diversion

Flows passing through drversron opemng and over low blocks of a
concrete and earth dam (Olympus Dam in Colorado)

Foundation treatment for Grand Coulee Forebay Dam in Washmgton

Foundation drainage system for Morrow Point Dam in Colorado

Temperature variations of flat slabs exposed to sinusoidal
temperature variations on both faces

Computation form, sheet 1 of 2—range of mean concrete
temperatures

Computation form, sheet 2 of 2 range of mean concrete
temperatures

Temperature varratlons w1th depth in semr—mﬁmte sohd

Temperature rise in mass concrete for various types of cement

Pipe cooling of concrete—values of X

Pipe cooling of concrete—values of Y ..

Artificial cooling of concrete—effect of cooling water
temperature

Artificial cooling of concrete effect of corl length

Artificial cooling of concrete—effect of horizontal spacing
of pipe

. Glen Canyon Dam— coohng prpe layout

. Glen Canyon Dam-concrete cooling details

. Monticello Dam—cooling pipe layout

. Temperature history of artificially cooled concrete

Transverse contraction joint and grouting system for East Canyon
Dam, a small arch dam in Utah . .

Standard key on a transverse contraction Jomt (Yellowtall Dam
in Montana) .

Standard key on a longltudmal contractlon Jomt (Glen Canyon
Dam in Arizona) .

Metal seals and connections at contractron _]Oll’ltS

Grouting system details

Free-fall orifice-type spillway in operatron at Morrow Pomt
Dam in Colorado

Typical inflow and outflow hydrographs

Typical reservoir capacity curve

CONTENTS

Page

198

199
201

202

203
204

205

206
212
216

229
230

231
232
232
234
235

. 237
. 237

. 237
. 241
. 242
243
247

252

253

254
257
260

264
265
266



CONTENTS

Figure
94.
9.5.
9-6.
9-7.
9-8.

9-9.

9-10.
9-11.
9-12.
9-13.

9-14.

9-15.
9-16.
9-17.
9-18.
9-19.
9-20.
9-21.
9-22.
. Comparison of side channel cross sectlons

. Side channel flow characteristics .

. Sketch illustrating flow in open channels .
. Approximate losses in chutes for various values of water surface

9-31.

9-32.
9-33.

9-34.

9-35.

9-36.
9-37.

Typical spillway discharge curve .

Spillway capacity —surcharge relationship

Comparative cost of spillway-dam combinations .

Circular crest for morning glory spillway at Hungry Horse Dam
in Montana

Drumgate-controlled srde channel sprllway in operat1on at Hoover
Dam on the Colorado River .

Chute type spillway at Stewart Mountam Dam in Anzona

A simple ogee crest shape with a vertical upstream face

Factors for definition of nappe-shaped crest profiles

Ogee crest shape defined by compound curves

Coefficient of discharge for ogee-shaped crest with vert1cal
upstream face .

Coefficient of discharge for ogee-shaped crest w1th slopmg
upstream face

Effect of downstream 1nﬂuences on ﬂow over weir crests

Ratio of discharge coefficients due to apron effect

Ratio of discharge coefficients due to tailwater effect

Coefficient of discharge for other than the design head

Subatmospheric crest pressures for a 0.75 ratio of H,, to H,

Subatmospheric crest pressures for undershot gate flow

Coefficient of discharge for flow under a gate (orifice flow)

Typical orifice control structures

drop and channel length

. Flare angle for divergent or convergent channels
. Profile of typical tunnel spillway channel
. Hydraulic jump stilling basin in operation at Shasta Dam in

California .

. Characteristic forms of hydrauhc Jump related to the Froude
number .

Relations between vanables in hydraulrc ]umps for rectangular
channels

Type I stilling basin charactenst1cs .

Stilling basin characteristics for Froude numbers between 2 5
and 4.5

Stilling basin charactenstrcs for Froude numbers above 4 5
where incoming velocity does not exceed 50 feet per second

Stilling basin characteristics for Froude numbers above 4.5

Stilling basin depths versus hydraulic heads for various channel
losses .

Relationships of conjugate depth curves to tallwater ratlng
curves e

XXXI
Page

267
269
269

271

274
275
278
279
282

283

283
285
286
287
288
288
289
290
291
292
293
295

296
298
299
301
302

303
304

305

307

. 308

310
310



XXXII CONTENTS
Figure Page

9-38. Deflector bucket in operation for the spillway at Hungry Horse

Dam in Montana .o R § K
9-39. Submerged bucket energy d1$Slpators . D £
9-40. Hydraulic action in solid and slotted buckets . . . . . . . . . . . . . . 314
9-41. Flow characteristics in a slotted bucket . . . . . . . . . . . . . . . . 315
9-42. Limiting criteria for slotted bucketdesign . . . . . . . . . . . . . . . 316
9-43. Definition of symbols—submerged bucket . . . e 31T
9-44. Flow and discharge characteristics of a morning glory splllway ... 318
9-45. Elements of nappe-shaped profile for a circularcrest . . . . . . . . . . . 319

H
9-46. Relationship of circular crest coefficient C, toﬁ2 for different
§

approach depths (aerated nappe) . . . Co ... 320
9-47. Circular crest coefficient of discharge for other than des1gn head R ¥
. N Hs Ho . .
9-48. Relationship ofﬁ— toR# for circular sharp-crested weirs . . . . . . . . . . 325
o s
9-49. Upper and lower nappe profiles for a circular weir (aerated nappe
and negligible approach velocity) .. . 3914
9-50. Comparison of lower nappe shapes for a c1rcular weir for
different heads . . . .. . . . . . 326
9-51. Increased circular crest radlus needed to minimize subatmospherrc
pressure along crest . . . . . . . . . .32
9-52. Comparison of crest profile shape wrth theoretlcal Jet proﬁle ... 327
10-1. Typical river outlet works without stilling basin . . . . . . . . . . . . . 331
10-2. Typical river outlet works and power outlet . X 30
10-3. River outlet trashrack structures—plans and sections . . . . . . . . . . . 336
104. Typical trashrack installations . . . . . . . . . . .338
10-5. Pictorial representation of typical head losses in outlet under
pressure . . 2 )
10-6. Relationship between Darcy s f and Manmng sn for ﬂow in plpes . . . . . . . 344
10-7. Coefficient for bend losses in a closed conduit P 141
10-8. A river outlet works with open channelflow . . . . . . . . . . . . . . 349
10-9. Typical penstock installations .o G S 10
10-10. Embedded penstock in abutment tunnel .o . 114
10-11. Typical concrete trashrack structure for a penstock e e e o382
10-12. Typical fixed-wheel gate installation at upstream face ofdam . . . . . . . . 355
11-1. Gallery system in Yellowtail Dam—left abutment e . . ... ... 358
11-2. Gallery system in Yellowtail Dam—right abutment . . . . . . . . . . . . 359
11-3. Galleries and shafts in Yellowtail Dam .o . . . ... . 360
12-1. Structural and architectural layout of elevator shaft and tower
in Flaming Gorge Dam . . e e ... ... .34
12-2. Typical sections at the top of an arch dam L N )
13-1. Locations of instrumentation installed in an arch dam developed
elevation . . - A

13-2. Locations of 1nstrumentat1on mstalled in an arch dam —maximum
section, sectional plans . . . . . . . . . . . . . . . . . . . . .34



CONTENTS

Figure
13-3.
134.

13-5.
13-6.
13-7.
13-8.

13-9.
13-10.
13-11.

13-12.
13-13.
13-14.
13-15.
13-16.

13-17.

13-18.

13-19.
13-20.
13-21.
13-22.
13-23.
13-24.
13-25.

13-26.
13-27.

13-28.
13-29.
13-30.

13-31.
13-32.
13-33.
13-34.

Typical plumbline well in a concrete dam with reading stations
at several elevations

A cluster of strain meters supported ona sprder and ready for
embedment in concrete

A stress meter partially embedded in concrete

A joint meter in position at a contraction joint

An instrument terminal board and cover box .

A special portable wheatstone bridge test set for reading stram
meters . .

“No-stress” strain meter 1nstallat10n .

Meter group comprising strain meters and stress meters

Trios of mutually perpendicular strain meters installed near
face of dam .

Penstock and remforcement stra1n meters

Pore pressure meter installed on a penstock

Pore pressure meters installed in mass concrete

Resistance thermometer installed at upstream face of a dam

Deformation meter installed in cased well under dam to measure
deformation of foundation rock

Micrometer-type reading head for use w1th foundatron defonnatron

gage

Micrometer readmg head and invar tape used wrth horrzontal tape

gage in abutment tunnel
Creep tests in progress on 18- by 36- 1nch mass concrete cyhnders
Components of equipment for weighted plumbline installation
Tank and float for use with float-suspended plumbline
Anchorage for float-suspended plumbline
Typical plumbline reading station and reading devrces

Foundation deformation well, optical plummet, and reference gr1d

An instrument pier for use with collimation or trrangulat1on
systems

A reference sighting target for use in obtarnlng colhmatron
measurements

A movable collimation target at a measurmg statlon on top of
a dam

A collimation system layout for an arch dam

A triangulation system layout for an arch dam

A tensioning device used with a tape for precise baseline
measurements

A pier plate, pier targets, and dam deformatlon targets

An uplift pressure measurement system for an arch dam

A pore pressure meter installation for determining uplift pressure

Details of pore pressure meter installation illustrated on
figure 13-33 .

Selective withdrawal outlet at Pueblo Dam in Colorado

Selective withdrawal outlet at Folsom Dam in California

XXXIII

Page

377

378
378
379
379

379
380
381

382
382
382
382
382

383

383

384
384
386
386
386
386
387

387
388
388

388
389

389
389
390
392

393
405
406



XXXIV CONTENTS

Figure Page

15-3. Fish ladder used on the left abutment of Red Bluff Diversion Dam

in California . . - (01
15-4. An aerial view of a small reservoir w1th trees left at the

water’s edge to provide a fish habitat . . . . . . . . . . . . . . . . 407
15-5. Fish hatchery at Nimbus Dam in California . . . . . . . . . . . . . 408
15-6. An artist’s conception of the gravel cleaner to be used at a

salmon spawning area on the Tehama-Colusa Canal in California . . . . . . 408
15-7. Boat docking facilities at Canyon Ferry Reservoirin Montana . . . . . . . . 410
15-8. Viewing area at Glen Canyon Dam in Arizona . . . . . . . . . . . . . . 411
15-9. Chipping operations at Pueblo Dam in Colorado . . . . . . . . . . . . . 413

FIGURES IN APPENDICES

Figure Page
A-1.  Dimensions for nomographs and layout of dam . . ... . . . . 415
A-2. Nomograph for obtaining crest thickness and pI‘O_]eCthI’IS on crown

cantilever . . . .. . . . . . 4l6
A-3. Nomograph for obtalmng base thlckness and prOJectlons on crown

cantilever . . ) )
A-4.  Nomograph for obtaining ¥, (Note: V=V, + V,.) . . . . . . . . . . . . 418
A-5.  Nomograph for obtaining V, (Note V= Vl 2% R b
B-1. Monticello Dam .. . .. . ..
B-2.  Layout of Monticello Dam - S ... . 423
B-3.  Monticello Dam study—static pressure plus hydrodynamrc effect

of earthquake .. ... ... 424
B4. Monticello Dam study—welghts and moments for cant1lever E due

to concrete and vertical upstream and downstream waterload .. . . . . . 425
B-5. Monticello Dam study—concrete inertia for cantilever £ . . . . . . . . . . 426
B-6. Monticello Dam study—components of concrete inertia for

cantilever E . . - .Y
B-7.  Monticello Dam study— “oddload . . . . . 923
B-8.  Monticello Dam study —shears and moments in crown cantllever

due to radial loads for stage I . . . S YA
B-9.  Monticello Dam study—shears and moments in crown cantllever

due to unit radial loads for stage II . . . . . 10
B-10. Monticello Dam study—radial deflection of crown cantllever

due to a unit radialload . . . . . . . . . . . . . . . . . . . . . 431
B-11. Explanation of mechanical integration . . C e . . ... . 432
B-12. Monticello Dam study—radial deflections of crown cantllever

due to unit radial loads . . . .. . . . . . 433
B-13. Monticello Dam study—rotational and tangent1a1 movements of

crown cantilever due to unit cantilever loads O X

B-14. Monticello Dam study—radial shears and moments in
cantilever E due to initial loads forstage I . . . . . . . . . . . . . . 435



CONTENTS

Figure

B-15. Monticello Dam study—radial deflections of cantilever E due
to initial radial loads for stage 11

B-16. Monticello Dam study—tangential movements of cantrlever E due
to initial tangential loads .

B-17. Monticello Dam study—radial shears at bases of cantrlevers for
stage I1 . .

B-18. Monticello Dam study— tangentlal shears and tw1st1ng moments at
bases of cantilevers for stage II .

B-19. Monticello Dam study—ordinates at cantilever pomts for
triangular arch loads

B-20. Layout of Clear Creek Dam

B-21. Clear Creek Dam study, radial-side cracked cantllever stress
analysis—horizontal forces, resultant moments, and
properties for cantilever E

B-22. Clear Creek Dam study, radial-side cracked cantllever stress
analysis—radial deflections and stresses for cantilever E

B-23. Clear Creek Dam study, cracked cantilever stress analysis—
stresses for cantilever £ .

B-24. Clear Creek Dam study, cracked cantrlever stress analysrs—
description of cantilever £ .

B-25. Clear Creek Dam study, cracked cantllever stress analysrs—
uplift and moment in cantilever £ due to uplift pressure

B-26. Clear Creek Dam study, cracked cantilever stress analysis—
weights and moments for cantilever £ .

B-27. Clear Creek Dam study, cracked cantilever stress analysrs—
shears and moments in cantilever £ due to unit radial loads

C-1. Monticello Dam study—arch and abutment data

C-2. Monticello Dam study—crown constants and forces

C-3.  Monticello Dam study—moments, thrusts, shears, and radial
deflections .

C4. Monticello Dam study— tangent1al deﬂectlons and angular
movements

C-5. Monticello Dam study—loaded area of foundatlon

C-6. Monticello Dam study—foundation deformation functions

C-7. Monticello Dam study—description of arches and location of
cantilevers .

C-8. Monticello Dam study temperature data .

C-9. MmWﬂmewwMIMﬁmwdmmumddeOMMMWm

C-10. Monticello Dam study--distances between cantilevers

C-11. Formulas for moments, thrusts, and shears of radial loads

C-12. Formulas for moments, thrusts, and shears of tangential loads

C-13. Formulas for moments, thrusts, and shears of twist loads

C-14. Typical arch deflection curves for symmetrical unit radial and
temperature loads .

C-15. Typical arch deflections for symmetncal un1t tangent1al loads

C-16. Typical arch deflections for symmetrical unit twist loads

XXXV

Page

. 436
. 437
. 438
. 440
. 441
. 442
. 444
. 445
. 446
. 447
. 448
. 449
. 450
. 452
. 453
. 454
. 455
. 456
. 457
. 458
. 459
. 460
. 461
. 463
. 464
. 465
. 467

. 468
. 469



XXXVI CONTENTS
Figure Page

C-17. Typical arch deflections for nonsymmetrical radial and

temperature loads . . . . e . . .. . . . 470
C-18. Typical arch deflections for nonsymmetncal tangentral loads R Y
C-19. Typical arch deflections for nonsymmetrical twistloads . . . . . . . . . . 472
C-20. Monticello Dam—plan, elevation, and sections . . . - Y
C-21. Monticello Dam study—left side of arch with fillet sectron e e . ... .. 476
C-22. Monticello Dam study—arch constants for uniform-thickness

section . . . B - Y
C-23. Monticello Dam study eccentncmes and multrphers for arch

and load constants . . . - Y2
C-24. Monticello Dam study—arch constants for ﬁllet sectron - YA
C-25. Monticello Dam study—values for total arch constants . . . . . . . . . . . 480
C-26. Monticello Dam study—x and y distances in transferring arch

constants and D-terms .. O - 1.3
C-27. Monticello Dam study-—radial load D terms T £ ¥
C-28. Monticello Dam study—Dy -term for fillet section e e e e . .. ... . . 483
C-29. Monticello Dam study—D, -term for fillet section C e e . ... ... . 484
C-30. Monticello Dam study—D; -term for fillet section . s e . . . .. . . 485
C-31. Circular arch D-terms used for computing voussoir D- terms . e . . . . . . . 486
C-32. Sketch for determination of formulas forload No. 5 . . <+ ¥
C-33. Monticello Dam study—M; , H; , and ¥, values for arch angles c e« . . . . . 488
C-34. Monticello Dam study—moments due to tangential load eccentricity,

arch at elevation 350 . . . . ... . . . . . 489
C-35. Illustrative sketch for evaluating aHL for tangent1al load No 5

on fillet section . . Co. . ... 49
C-36. Monticello Dam study—M Ir HL, and V' values for tangential loads . . . . . . 491
C-37. Monticello Dam study—M; , H, , and VL values for D-term transfer . . . . . . 492
C-38. Monticello Dam study—total D-terms for radial load No. 1 . . . . . . . . . 493
C-39. Monticello Dam study—x and y distances for arch points . . . . . . . . . . 495
C-40. Hungry Horse Dam . . .. ... o.o. . 496
C-41. Hungry Horse Dam study— propertles of varlable thrckness arch

at elevation 3300 (left side only) . . . . e
C-42. Hungry Horse Dam study—eccentricities and multlphers for arch

and load constants . . . ... ... 498
C-43. Hungry Horse Dam study— arch constants for nonunrform-thlckness

arch . . ) A
C-44. Hungry Horse Dam study arch constants for tnangular wedge

section4-5 . . . - 101
C-45. Hungry Horse Dam study coordinates to arch pomts Co - 10
C-46. Hungry Horse Dam study—coordinates for transferring arch and

load constants . . . -1
C-47. Hungry Horse Dam study— constants for transfemng Dterms . . . . . . . . 503
C-48. Hungry Horse Dam study—total arch constants at archpoint3 . . . . . . . . 504
C-49. Hungry Horse Dam study—total arch constants at arch point2 . . . . . . . . 3505
C-50. Hungry Horse Dam study—total arch constants at arch point1 . . . . . . . . 506

C-51. Hungry Horse Dam study—total arch constants at arch point0 . . . . . . . . 507



CONTENTS XXXVII
Figure : Page

C-52. Hungry Horse Dam study—M; , H; , and V; at arch points due to

radial load No. 1 .. .. . . . . 509
C-53. Hungry Horse Dam study—M Ls H s and VL for transferrmg D-terms . . . . . 510
C-54. Hungry Horse Dam study—D;, -term for variable-thicknessarch . . . . . . . . 511
C-55. Hungry Horse Dam study—D,-term for variable-thicknessarch . . . . . . . . 512
C-56. Hungry Horse Dam study—D;-term for variable-thicknessarch . . . . . . . . 513
C-57. Hungry Horse Dam study—D-terms for radialload No. 1 . . . . . . . . . . 514
C-58. Hungry Horse Dam study—D-terms for radial load No.5 . . . . . . . . . . 515
C-59. Hungry Horse Dam study-—-moments due to tangential load

eccentricity, tangential load No. 5 . . - 3
C-60. Tangential load No. 5 on wedge of a vanable-thlckness arch e . . . . . . . . 518
C-61. Hungry Horse Dam study—tangential load ordinates for wedge

section 4-5 . - 3 B
C-62. Hungry Horse Dam study thrusts at pomt 4 due to tangentxal

load acting on wedge . . . - A0
C-63. Hungry Horse Dam study—M; , HL , and Vi at pomt 5 due to

tangential load between points 4 and § . R 3 |
C-64. Hungry Horse Dam study—M; , H; , and V; values at arch pomts . .. . . . 523
C-65. Hungry Horse Dam study—M; , H; , and ¥V for transfer of tangentlal

load D-terms . . R L
C-66. Hungry Horse Dam study—D-terms for wedge sectlon due to

tangential load on wedge section . . . .
C-67. Hungry Horse Dam study—D, -terms for tangentlal load No 5 .. . . . . . . 526
C-68. Hungry Horse Dam study—D,-terms for tangential load No. 5 . . . . . . . . 527
C-69. Hungry Horse Dam study—Dj;-terms for tangential load No.5 . . . . . . . . 528
C-70. Hungry Horse Dam study—total D-terms at arch points for

tangentialload No. 5 . . . .. ... .529
C-71. Hungry Horse Dam study— moments and D terms for wedge due to

twist load on wedge . . - X 3
C-72. Hungry Horse Dam study—M; at arch pomts due to twistload . . . . . . . . 532
C-73. Hungry Horse Dam study—moments for transfer of D-terms . . . . . . . . . 534
C-74. Hungry Horse Dam study—D, -terms for twist load No. 5 . . ... .. .. 535
C-75. Hungry Horse Dam study—D, - and D, -terms for twist load No. 5 . . . . . . .53
C-76. Hungry Horse Dam study—total D-terms at arch pomts for twist

load No.5 . . . - <
C-77. Resolution of deﬂectlons at a nonrad1al abutment of a vanable-

thickness arch with a triangular abutment wedge . . . . . . . . . . . . 538
D-1. Monticello Dam study—arch loads for first radial adjustment . . . . . . . . 540
D-2.  Monticello Dam study—cantilever loads for first radial adjustment - ) |
D-3.  Monticello Dam study—radial arch deflections due to first

radial adjustment . . - 1 ¥
D-4. Monticello Dam study— radlal cantﬂever deflectlons due to ﬁrst

radial adjustment . . . X
D-5. Monticello Dam study—arch and cantﬂever stresses from rad1a1

trial load analysis . . - £

D-6. Monticello Dam study— modlﬁed arch loads for ﬁrst radlal
adjustment . . . . . . . . . . . . ... 54



XXXVIIL

Figure

D-7. Monticello Dam study —modified cantilever loads for first radial
adjustment .

D-8. Monticello Dam study— arch loads for ﬁrst tangent1a1 adjustment

D-9. Monticello Dam study-—cantilever loads first tangential adjustment

D-10. Monticello Dam study—initial tangential arch deflections for
first tangential adjustment

D-11. Monticello Dam study—initial tangentral cantrlever deflectlons
for first tangential adjustment .o

D-12. Monticello Dam study—tangential arch deﬂectrons for ﬁrst
tangential adjustment .

D-13. Monticello Dam study—tangential cantﬂever deﬂectlons for ﬁrst
tangential adjustment

D-14. Monticello Dam study —meodified tangentral arch loads for ﬁrst
tangential adjustment . .

D-15. Monticello Dam study—modified tangentlal cantllever loads for
first tangential adjustment

D-16. Monticello Dam study—twist arch loads for ﬁrst tw1st adjustment

D-17. Monticello Dam study—twist cantilever loads for first twist
adjustment ;

D-18. Monticello Dam study— mltlal angular movement of arch for frrst
twist adjustment .

D-19. Monticello Dam study— angular arch movements for ﬁrst twrst
adjustment .

D-20. Monticello Dam study— angular cantrlever movements for ﬁrst
twist adjustment

D-21. Monticello Dam study— tw1st1ng moments in cantrlevers through
first adjustments

D-22. Monticello Dam study— average rates of change of twrstmg
moments through first adjustments

D-23. Monticello Dam study—average rates of change of bendmg
moments through first adjustments

D-24. Monticello Dam study—bending moments in cantrlevers through
first adjustments .

D-25. Monticello Dam study— radlal cantrlever deflectrons due to
bending moments through first adjustments

D-26. Monticello Dam study—total radial arch loads

D-27. Monticello Dam study—total radial cantilever loads

D-28. Monticello Dam study—radial arch deflections due to total loads

D-29. Monticello Dam study—radial cantilever deflections due to total
loads

D-30. Monticello Dam study total tangentral arch loads

D-31. Monticello Dam study—total tangential cantilever loads

D-32. Monticello Dam study—tangential arch deflections due to total
loads

D-33. Monticello Dam study tangentral cantllever deﬂectrons due to

total loads

CONTENTS

Page

546
547
548
549
550
551
552
553

554
355

556
557
559
560
561
562
563
564
565
566
567
568
. 569
. 570
571
572

573



CONTENTS

Figure

D-34.
D-35.
D-36.
D-37.
D-38.
D-39.
D-40.

D-41.

E-1.
E-2.

E-3.
E4.
E-5.
E-6.

E-7.

Monticello Dam study—total twist arch loads

Monticello Dam study—total twist cantilever loads

Monticello Dam study--angular arch movements due to total
loads .

Monticello Dam study angular cantrlever movements due to total
loads

Monticello Dam study—rad1al tangentral and tw1st ad_]ustments
at cantilever elements

Monticello Dam study—load d1str1but1on and radral deflectrons
at arch elements .

Monticello Dam study—load d1str1but1on and tangent1al deﬂect1ons
at arch elements

Monticello Dam study—load d1str1but1on and tw1st movements at
arch elements

Aerial view of Flaming Gorge Dam and Powerplant .

Flaming Gorge Dam study—Poisson’s ratio effect, radial cantrlever
deflections, cantilever D

Flaming Gorge Dam study— Porsson ] ratlo effect arch data arch
at elevation 5900 .

Flaming Gorge Dam study— eccentnc1t1es for load constants, arch
at elevation 5900

Flaming Gorge Dam study—D, -terms due to P01sson s ratro effect

arch at elevation 5900 .

Flaming Gorge Dam study—D, -terms due to Po1sson s ratro effect
arch at elevation 5900 . .

Flaming Gorge Dam study—D; -terms due to Porsson ] ratro effect
arch at elevation 5900

Flaming Gorge Dam study— changes in arch stresses due to Porsson s
ratio effect . .

Flaming Gorge Dam study changes in cantllever stresses due to
Poisson’s ratio effect .

Flaming Gorge Dam study—vert1cal cantrlever movement due to
bending moments, cantilever D .

Flaming Gorge Dam study—average rate of change of tangentral
shears in cantilevers

Flaming Gorge Dam study— average rates of change of vertrcal
shears in cantilevers

Flaming Gorge Dam study—vertrcal shears in cantrlevers .

Flaming Gorge Dam study—vertical cantilever movements due to
vertical shears, cantilever D

Flaming Gorge Dam study—vertical movements of cantrlevers due
to uniform temperature change .

Flaming Gorge Dam study—total vertical d1splacements of
cantilevers

Flaming Gorge Dam study average slope of vertrcal drsplacements

of cantilevers

XXXIX

Page

574
575

576
577
578
579
580

581
584

. 585
. 586
. 587
. 588
. 589
. 590
. 591
. 592
. 593
. 594

. 595
. 596

. 597
. 598
. 599
600



XL
Figure
E-18.

E-19.

E-20.

E-21.

F-10.
F-11.

F-12.

G-1.
G-2.
G-3.
G4.
G-5.
G-6.
G-7.
G-8.
G-9.

G-10.
G-11.
G-12.
G-13.
G-14.
G-15.
G-16.

CONTENTS

Page

Flaming Gorge Dam study —average slope of tangential movement

of cantilevers . . . .. . . . . . 601
Flaming Gorge Dam study tangentral movements of cantrlevers

due to vertical displacements . . . ... ... 602
Flaming Gorge Dam study—arch stresses due to vertrcal drsplacement

effects . . . e .. . . . . . 603
Flaming Gorge Dam study cantrlever stresses due to vertrcal

displacement effects . . .. . . . . . 604
Monticello Dam study— moments and shears at crown cantrlever

due to total loads . . . . T <1 0]
Monticello Dam study—crown cantr]ever stresses parallel to

facesof dam . . . ... .. . . 607
Monticello Dam study—loadmg condrtlons and arch and cantllever

stresses . . . R 1
Monticello Dam study arch stresses parallel to faces of dam

arch at elevation 350 . . . . ... 609
Monticello Dam study—horrzontal shear stresses at faces of

cantilevers . . . ... . . . . . .6l
Monticello Dam study— shear stresses on rock planes at faces

ofdam . . . ... ... 612
Monticello Dam study maximum horlzontal shear stresses on rock

planes . . .. . . . . . . 613
Monticello Dam study —maximum honzontal arch shear stresses .. . . . . . 614
Monticello Dam study—maximum shear stresses in horizontal

planes of cantilever elements . . .. . . . . . . .6l5
Monticello Dam study—principal stresses parallel to upstream

face . . . .. . . . . . . . .¢6lé6
Monticello Dam study prmcrpal stresses at upstream and

downstream faces . . . . . . . . . . o6l8
Monticello Dam study prmcrpal stresses parallel to downstream

face . . . e e . . . . . . 619
Morrow Point Dam as constructed plan proﬁle and sectrons B A
Identification and input-output cards used with ADSAS . . . . . . . . . . 623
Controls and physical property constants . . . . . . . . . . . . . . . 624
Elevation information . . O < A
Geometric data at top and base of dam O ¢ 9.1
Description of plane of centers . . . . . . . . . . . . . . . . . . . 627
Geometry ofarches . . . . . . . . . . . . . . . . . . . . . . . 0628
ADSAS output-design criteria PP < PA°
Geometrical statistics P < <1
Minimum dead load stresses . . . . . . . . . . . . . . . . . . . . 63]
Tangential adjustment . . . . . . . . . . . . . . . . . . . . . .63
Twist adjustment . . R L K
Radial adjustment by cantrlevers e e ..., 634
Radial adjustment by arches . . . . . . . . . . . . . . . . . . . . 0635
Forces at arch points PP < X 1

Total horizontal shear . . . . . . .« « .« . .« . . . . . . . . . . .637



CONTENTS

Figure

G-17.
G-18.
G-19.
G-20.
G-21.
G-22.
G-23.
G-24.
G-25.
G-26.

I-1.
I-2.
I-3.

I-4.
I-S.
I-6.
I-7.
I-8.
I-9.
I-10.
I-11.
I-12.
I-13.

I-14.

I-15.

Cantilever moments

Cantilever shears

Cantilever shear stresses

Arch stresses

Cantilever stresses

Arch stresses in pounds per square mch

Cantilever stresses in pounds per square inch .o

Principal stresses at abutments, in pounds per square inch

Arch stresses parallel to faces, in pounds per square inch

Cantilever stresses parallel to faces, in pounds per square inch

Hoover Dam studies—canyon cross sections

Hoover Dam studies—cross section of canyon above dam

Hoover Dam studies—canyon with vertical walls in infinite rock
formations .

Hoover Dam studies— foundat1on load and resultant deﬂectrons

Hoover Dam studies—infinite abutment closed at base of dam

Hoover Dam studies—closing loads and canyon-wall movements

Hoover Dam studies—canyon as represented by final approximation

Hoover Dam studies—stresses in canyon floor .

Structural model of Glen Canyon Dam . .

Structural model of Glen Canyon Dam with strain gages in place

Structural model of Morrow Point Dam .

Structural model of Morrow Point Dam with stram gages in place

Stresses and deflections in Glen Canyon Dam obtained by
photoelastic stress analysis

Isochromatic fringe pattern of two—drmens1ona1 photoelastlc model

of Glen Canyon Dam arch at elevation 3250. Arch is subject

to a uniform radial load .
Two-dimensional photoelastic model and loadmg apparatus for

determining stresses in arch and abutments of Glen

Canyon Dam at elevation 3250 .
Two-dimensional photoelastic model and loadmg apparatus for

determining stresses around spillway openings in Morrow

Point Dam

Isochromatic fringe pattern of two—drmensmnal photoelastrc model

of Morrow Point Dam spillway openings .
Stresses around spillway openings in Morrow Pomt Dam
Section of dam showing grid system
Input data—control data and material propertres
Input data—loading and description of section by nodal pomts
Input data—elements defined by nodal points with material
Displacement of nodal points . .
Stresses in elements, in thousands of pounds (klps) per
square foot
Enlarged portion of frgure J- 1 showmg vertwal stresses
Enlarged portion of figure J-1 showing vertical stresses, with
additional concrete in areas indicated by dashed lines on
figure J-7 -

XLI

Page

. 638
. 639
. 640
. 641
. 642

643

_ 644

645

646

647

718
S 718

. 719
. 121
. 121
. 122
. 122
. 126
. 127
. 127
. 127
. 128

. 729

. 730
. 731

. 731

. 132
. 733
. 136
. 137
. 138
. 739
. 739

. 740
. 741

. 741



XLII CONTENTS

Figure Page
K-1.  Characteristics of open-channel flow . . . Y X438
K-2.  Depth of flow and specific energy for rectangular sectron in

open channel .o O X 3
K-3.  Energy-depth curves for rectangular and trapezmdal

channels . . Y 1
K-4.  Critical depth in trapezordal sectron Y Y/
K-5.  Characteristics of pressure flow in conduits N 4 10
K-6. Hydraulic jump symbols and characteristics .. T XY |
K-7. Hydraulic jump properties in relation to Froude number B ) |
K-8. Relation between variables in the hydraulicjump . . . . . . . . . . . . 762
L-1.  Analysis of observed rainfalldata . . . . . . . . . . . . . . . . . . 1770

2

L-2.  Rainfall-runoff curves—solution of runoff equation, Q = (l;;_(())%%l

(U.S. Soil Conservation Service) . . . . . . . . . . . . . . . . . . 778
L-3.  Unit hydrograph principles . . . R & -
L-4. Three common approaches for estnnatmg base flow dxscharges . . . . . . . 784
L-5. Hydrograph analysis . . . T & . 1)
L-6.  Unitgraph derivation for ungaged area L)
L-7. Comparison of results of streamflow routings . . Y A §<1
L-8.  Example of summary sheet, “Storm Rainfall in the U S ” . {0 4
L-9.  Design storm—depth-duration values . . . ... .. . 807
L-10. Probable maximum precipitation (inches) east of the 105O mendran

for an area of 10 square miles and 6 hours’ duration . . . . . . . . . . . 809

L-11. Depth-area-duration relationships—percentage to be applied to
10 square miles, 6-hour probable maximum precipitation

values . . . . . . . . . . . 8l0
L-12. Distribution of 6-hour ramfall for area west of 1050 merrdran B 1
L-13. Probable maximum 6-hour point precipitation values in inches for

general-type storms west of the 1059 meridian - -1 )
L-14. General-type storm—conversion ratio from 6-hour point ramfall

to area rainfall for area west of 1050 meridian . . . .. . . . . 813
L-15. Basin map—example of preliminary inflow design flood computatxon . . . . . 814
L-16. Preliminary design storm—depth-duration curve . . . )
L-17. Example of preliminary inflow design flood hydrographs same

lag-time curve for all unitgraphs . . .. . . . . 823

L-18. Example of preliminary inflow design ﬂood hydrograph dlfferent
lag-time curve for each subarea . . . . . . . . . . . . . 825



<<Chapter |

Introduction

1-1. Scope.—An arch dam is a solid
concrete dam, curved upstream in plan. In
addition to resisting part of the pressure of
the reservoir by its own weight, it obtains a
large measure of stability by transmitting the
remainder of the water pressure and other
loads by arch action into the canyon walls.
Successful arch action is dependent on a
unified monolithic structure, and special care
must be taken in the construction of an arch
dam to ensure that no structural
discontinuities, such as open joints or cracks,
exist at the time the structure assumes its
waterload.

The complete design of a concrete arch dam
includes not only the determination of the
most efficient and economical proportions for
the water impounding structure, but also the
determination of the most suitable appurtenant
structures for the control and release of the
impounded water consistent with the purpose
or function of the project. This manual

presents the basic assumptions, design
considerations, methods of analysis, and
procedures used by designers within the

Engineering and Research Center, Bureau of
Reclamation, for the design of an arch dam and
its appurtenant works. Discussions in this
manual are limited to those dams on rock
foundations.

1-2. Classifications. —Arch dams are
generally classified as thin, medium-thick, or
thick arch dams. A thin arch dam is defined as
an arch dam with a b/h ratio of 0.2 or less,
where b is the base thickness of the crown
cantilever and 4 is the structural height of the
dam. A medium-thick arch dam is defined as an
arch dam with a b/Ah ratio between 0.2 and 0.3.

A thick arch dam is an arch dam with a b/h
ratio of 0.3 or greater.

For statistical purposes, arch dams are
classified with reference to their structural
height. Dams up to 100 feet high are generally
classified as low dams; dams from 100 to 300
feet high as medium-height dams; and dams
over 300 feet high as high dams.

1-3. General Dimensions.—For uniformity
within the Bureau of Reclamation, certain
general dimensions have been established and
are defined as follows:

The structural height of a concrete arch dam
is defined as the difference in elevation
between the top of the dam and the lowest
point in the excavated foundation area,
exclusive of such features as narrow fault
zones. The top of the dam is the crown of the
roadway if a roadway crosses the dam, or the
level of the walkway if there is no roadway.
Although curb and sidewalk may extend higher
than the roadway, the level of the crown of the
roadway is considered to be the top of the
dam.

The hydraulic height, or height to which the
water rises behind the structure, is the
difference in elevation between the lowest
point of the original streambed at the axis of
the dam and the maximum controllable water
surface.

The length of the dam is defined as the
distance, measured along the axis of the dam at
the level of the top of the main body of the
dam or of the roadway surface on the crest,
from abutment contact to abutment contact,
exclusive of abutment spillway; provided that,
if the spillway lies wholly within the dam and
not in any area especially excavated for the
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spillway, the length is measured along the axis
extended through the spillway to the abutment
contacts.

The volume of a concrete arch dam should
include the main body of the dam and all mass
concrete appurtenances not separated from the
dam by construction or contraction joints.
Where a powerplant is constructed on the
downstream toe of the dam, the limit of
concrete in the dam should be taken as the
downstream face projected to the general
excavated foundation surface.

1-4. Arch Dam Definitions.—Terminology
used in the design and analysis of arch dams
and definitions of the various types and parts
of arch dams as used herein are as follows:

A plan is an orthographic projection on a
horizontal plane, showing the main features of
a dam and its appurtenant works with respect
to the topography and available geological
data. A plan should be oriented so that the
direction of streamflow is toward the top or
toward the right of the drawing.

The reference plane is a vertical plane which
passes through the crown cantilever and the
axis radius center.

A profile is a developed elevation of the
intersection of a dam with the original ground
surface, rock surface, or excavation surface
along the axis of the dam, the upstream face,
the downstream face, or other designated
location. Profiles are commonly classified as
U-shape or V-shape, with variations between
these two classifications.

A section is a representation of a dam as it
would appear if cut by a plane. An arch section
is taken horizontally through the dam. A
cantilever section is a vertical section taken
normal to the extrados, usually oriented with
the reservoir on the left.

An arch element, or arch, is a portion of a
dam bounded by two horizontal planes 1 foot
apart. For purposes of analysis the edges of the
elements are assumed to be vertical.

A section of an arch is that part of the arch
which is selected for ease of computation. The
section must have a constant extrados radius
but may be variable in thickness.

A voussoir is that smaller segment of a
section of an arch which, for ease of
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computation, is assumed to have constant
thickness.

A cantilever element, or cantilever, is that
portion of a dam which is contained within
two vertical planes radial to the extrados and
spaced 1 foot apart at the axis. Cantilevers of
arch dams other than the constant-center type
are bounded by warped surfaces owing to the
fact that the locations of arch extrados centers
vary with the elevations of the arches. The
crown cantilever is located at the point of
maximum depth.

The extrados is the curved upstream surface
of horizontal arch elements.

The intrados is the curved downstream
surface of horizontal arch elements.

The thickness of a dam at any point on the
arch centerline is the length of a line along an
extrados radius from the upstream to the
downstream face which passes through the
point.

An arch centerline is the locus of all
midpoints of the thickness of an arch section.

The axis of a dam is a vertical reference
surface curved horizontally and usually defined
by the upstream edge of the top of the dam.

The length of an arch is the length along a
curve which is concentric with the extrados
and passes through the midpoint of the arch
thickness at the crown.

The height of a cantilever is the vertical
distance between the base elevation of the
cantilever section and the top of the dam,
which may or may not be the top arch.

The central angle of an arch is the angle
bounded by lines radiating from the arch
extrados center to points of intersection of the
arch centerline with the arch abutments.

The abutment of an arch element is the
surface, at either end of the arch, which
contacts the rock of the canyon wall. Arch
loads are transferred through the arch
abutments into the canyon walls.

A fillet is an increase in thickness of a dam
at and near the abutments of the arches. Fillets
are usually placed at the downstream face, but
they may also be used at the upstream face.

Single curvature relates to a dam which is
curved in plan only.

Double curvature relates to a dam which is
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curved in plan and in elevation, with
undercutting of the heel, and in most instances,
downstream overhang near the crest.

The line of centers is a line in space which is
the loci of centers for circular arcs used to
describe a face of the dam or a portion thereof.
The number of lines of centers necessary to
describe an arch dam varies from one for a
circular dam with uniform-thickness arches to
six for a three-centered dam with
variable-thickness arches. Polycentered dams
may require more lines of centers if more than
three arch segments are used to describe each
face of the arch elements. Lines of centers are
described with respect to a reference plane.

A constant-center dam is one whose arch
centers for the upstream face and the
downstream face are coincident with the axis
center at all elevations. A profile of these
centers is a vertical straight line. The arches are
of uniform thickness, except as modified by
the use of fillets. All cantilevers are of identical
shape, varying only in base elevation, except in
the case of a constant-center dam with fillets.
In the latter instance, increases in arch
thickness within the region of the fillets are
also evident as increases in cantilever thickness.

Variable-center dams include all classes of
arch dams whose arch centers for either or
both the upstream face and the downstream
face vary in location with respect to the axis
center at different elevations. The arches may
be of uniform thickness or variable thickness,
with or without fillets. Cantilevers vary in
shape and thickness at different locations
within the dam according to the difference in
curvature between the arches, and according to
the kind of arches used. Single-centered,
two-centered, polycentered, three-centered,
and constant-angle dams are variable-center
dams.

Single-centered dams have one set of lines of
centers on the reference plane. Both sides of
each face are described by the same circular
arc. This is the usual type of arch dam for
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U-shaped or V-shaped canyons with a
symmetrical or near symmetrical profile having
a crest length to height ratio of about 2 or less.

Two-centered dams have two sets of lines of
centers, one set for each side of the dam. The
two sets are coplaner on the reference plane.
Each face of an arch element is described by
two circular arcs compounded at the reference
plane. Two-centered dams are usually designed
for sites with pronounced nonsymmetry.

Polycentered or three-centered dams are
variable-center dams in which the location of
centers and radii associated with them also vary
horizontally to produce dams with elliptically
shaped or multicentered arch elements. For
three-centered or elliptically shaped structures,
three centers are used on the extrados and
three on the intrados curves for each arch
element. Usually, the shorter radius curves are
used in the central parts of the arch and the
longer radius curves near the abutments.
Polycentered dams may use more centers to
vary the horizontal curvature. Arch elements
may be uniform or variable in thickness.

A constant-angle dam is a special type of
variable-center dam in which the central angles
of the arches are of approximately the same
magnitude at all elevations.

Abutment pads are structures between arch
dams and their foundations. They are used to
reduce load intensity and distribute it more
uniformly on the foundation rock, reduce
effects of foundation irregularities, and
produce symmetry for the arch dam. The pads,
usually trapezoidal in cross section, may be
monolithic with the dam or separated from it
by peripheral joints.

R, is the radius to the axis of the dam.

The upstream projection is the horizontal
distance from the extrados to the axis on a line
normal to the extrados.

The downstream projection is the horizontal
distance from the intrados to the axis on a line
normal to the extrados.

The crest is the top of the dam.
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Design Considerations

A. LOCAL CONDITIONS

2-1. General. —Although not of immediate
concern to the designer of a dam and its
appurtenances, the early collection of data on
local conditions which will eventually relate to
the design, specifications, and construction
stages is advisable. Local conditions are not
only needed to estimate construction costs, but
may be of benefit when considering alternative
designs and methods of construction. Some of
these local conditions will also be used to
determine the extent of the project designs,
including such items as access roads, bridges,
and construction camps.

2-2. Data to be Submitted.—Local
conditions should be described and submitted
as part of the design data as follows:

(1) The approximate distance from the
nearest railroad shipping terminal to the
structure site; load restrictions and physical

inadequacies of existing roads and structures
and an estimate of improvements to
accommodate construction hauling; an
estimate of length and major structures for
access roads; and possible alternative means for
delivering construction materials and
equipment to the site.

(2) Local freight or trucking facilities and
rates.

(3) Availability of housing and other
facilities in the nearest towns; requirements for
a construction camp; and need for permanent
buildings for operating personnel.

(4) Availability or accessibility of public
facilities or utilities such as water supply,
sewage disposal, electric power for
construction purposes, and telephone service.

(5) Local labor pool and general
occupational fields existing in the area.

B. MAPS AND PHOTOGRAPHS

2-3. General. —Maps and photographs are of
prime importance in the planning and design of
a concrete dam and its appurtenant works.
From these data an evaluation of alternative
layouts can be made preparatory to
determining the final location of the dam, the
type and location of its appurtenant works,
and the need for restoration and/or
development of the area.

2-4. Survey Control.—Permanent horizontal
and vertical survey control should be
established at the earliest possible time. A grid

coordinate system for horizontal control
should be established with the origin located so
that all of the features (including borrow areas)
at a major structure will be in one quadrant.
The coordinate system should be related to a
State or National coordinate system, if
practicable. All previous survey work, including
topography and location and ground surface
elevation of subsurface exploration holes,
should be corrected to agree with the
permanent control system; and all subsequent
survey work, including location and ground
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surface elevations, should be based on the
permanent control.

2-5. Data to be Submitted.—A general area
map should be obtained locating the general
area within the State, together with county and
township lines. This location map should show
existing towns, highways, roads, railroads, and
shipping points. A vicinity map should also be
obtained using such a scale as to show details
on the following:

(1) The structure site and alternative
sites.

(2) Public utilities.

(3) Stream gaging stations.

(4) Existing manmade works affected
by the proposed development.

(5) Locations of potential construction
access roads, sites for a Government camp
and permanent housing area, and sites for
the contractor’s camp and construction
facilities.

(6) Sources of natural construction
materials.

(7) Existing or potential areas or
features having a bearing on the design,
construction, operation, or management
of project features such as recreational
areas, fish and wildlife areas, building
areas, and areas of ecological interest.

The topography of the areas where the dam
and any of its appurtenant works are to be
located is of prime concern to the designer.

DESIGN OF ARCH DAMS

Topography should be submitted covering an
area sufficient to accommodate all possible
arrangements of dam, spillway, outlet works,
diversion works, construction access, and other
facilities; and should be based on the
permanently established horizontal and vertical
survey control. A scale of 1 inch equals 50 feet
and a contour interval of 5 feet will normally
be adequate. The topography should extend a
minimum of 500 feet wupstream and
downstream from the estimated positions of
the heel and toe of the dam and a sufficient
distance beyond each end of the dam crest to
include road approaches. The topography
should also cover the areas for approach and
exit channels for the spillway. The topography
should extend to an elevation sufficiently high
to permit layouts of access roads, spillway
structures, and visitor facilities.

Ground and aerial photographs are beneficial
and can be used in a number of ways. Their
principal value is to present the latest data
relating to the site in such detail as to show
conditions affecting the designs. Close-up
ground photographs, for example, will often
give an excellent presentation of local geology
to supplement that obtained from a
topographic map. Where modifications are to
be made to a partially completed structure,
such photographs will show as-constructed
details which may not show on any drawings.

C. HYDROLOGIC DATA

2-6. Data to be Submitted.—In order to
determine the potential of a site for storing
water, generating power, or other beneficial
use, a thorough study of hydrologic conditions
must be made. Necessary hydrologic data will
include the following:

(1) Streamflow records, including daily
discharges, monthly volumes, and
momentary peaks.

(2) Streamflow and reservoir yield.

(3) Project water requirements,
including allowances for irrigation and
power, conveyance losses, reuse of return

flows, and stream releases for fish; and
dead storage requirements for power,
recreation, fish and wildlife, etc.

(4) Flood studies, including inflow
design floods and floods to be expected
during periods of construction.

(5) Sedimentation and water quality
studies, including sediment measurements,
analysis of dissolved solids, etc.

(6) Data on ground-water tables in the
vicinity of the reservoir and damsite.

(7) Water rights, including interstate
compacts and international treaty effects,
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and contractual agreements with local
districts, power companies, and
individuals for subordination of rights,
etc.

Past records should be used as a basis for
predicting conditions which will develop in the
future. Data relating to streamflow may be
obtained from the following sources:

(1) Water supply papers—U.S.
Department of the Interior, Geological
Survey, Water Resources Division.

(2) Reports of state engineers.

(3) Annual reports—International
Boundary and Water Commission, United
States and Mexico.

(4) Annual reports—various interstate
compact commissions.

(5) Water right filings, permits—state
engineers, county recorders.

(6) Water right decrees—district courts.

Data on sedimentation may be obtained
from:

(1) Water supply papers—U.S.
Department of the Interior, Geological
Survey, Quality of Water Branch.

(2) Reports—U.S. Department of the
Interior, Bureau of Reclamation; and U.S.
Department of Agriculture, Soil
Conservation Service.

Data for determining the quality of water
may be obtained from:

(1) Water supply papers—U.S.
Department of the Interior, Geological
Survey, Quality of Water Branch.

(2) Reports—U.S. Department of
Health, Education, and Welfare, Public
Health Service, and Environmental
Protection Agency, Federal Water Control
Administration.

(3) Reports—state
departments.

2-7. Hydrologic Investigations.—Hydrologic
investigations which may be required for
project studies include the determination of
the following: yield of streamflow, reservoir
yield, water requirements for project purposes,
sediment which will be deposited in the
reservoir, floodflows, and ground-water
conditions.

public health
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The most accurate estimate possible must be
prepared of the portion of the streamflow yield
that is surplus to senior water rights, as the
basis of the justifiable storage. Reservoir
storage will supplement natural yield of
streamflow during low-water periods. Safe
reservoir yield will be the quantity of water
which can be delivered on a firm basis through
a critical low-water period with a given
reservoir capacity. Reservoir capacities and safe
reservoir yields may be prepared from mass
curves of natural streamflow yield as related to
fixed water demands or from detailed reservoir
operation studies, depending upon the study
detail which is justified. Reservoir evaporation
and other incidental losses should be accounted
for before computation of net reservoir yields.

The critical low-water period may be one
drought year or a series of dry years during the
period of recorded water history. Water
shortages should not be contemplated when
considering municipal and industrial water use.
For other uses, such as irrigation, it is usually
permissible to assume tolerable water shortages
during infrequent drought periods and thereby
increase water use during normal periods with
consequent greater project development. What
would constitute a tolerable irrigation water
shortage will depend upon local conditions and
the crops to be irrigated. If the problem is
complex, the consulting advice of an
experienced hydrologist should be secured.

The annual rate at which sediment will be
deposited in the reservoir should be ascertained
to ensure that sufficient sediment storage is
provided in the reservoir so that the useful
functions of the reservoir will not be impaired
by sediment deposition within the useful life of
the project or the period of economic analysis,
say 50 to 100 years. The expected elevation of
the sediment deposition may also influence the
design of the outlet works, necessitating a type
of design which will permit raising the intake
of the outlet works as the sediment is
deposited.

Water requirements should be determined
for all purposes contemplated in the project.
For irrigation, consideration should be given to
climatic conditions, soil types, type of crops,
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crop distribution, irrigation efficiency and
conveyance losses, and reuse of return flows.
For municipal and industrial water supplies,
the anticipated growth of demand over the life
of the project must be considered. For power
generation, the factors to be considered are
load requirements and anticipated load growth.

Knowledge of consumptive uses is important
in the design and operation of a large irrigation
project, and especially for river systems as a
whole. However, of equal and perhaps more
importance to an individual farm or project is
the efficiency with which the water is
conveyed, distributed, and applied. The losses
incidental to application on the farm and the
conveyance system losses and operational
waste may, in many instances, exceed the
water required by the growing crops. In actual
operation, the amount of loss is largely a
matter of economics. In areas where water is
not plentiful and high-value crops are grown,
the use of pipe or lined conveyance systems
and costly land preparation or sprinkler
systems can be afforded to reduce losses to a
minimum. A part of the lost water may be
consumed nonbeneficially by nonproductive
areas adjacent to the irrigated land or in
drainage channels. Usually most of this water
eventually returns to a surface stream or drain
and is referred to as return flow.

In planning irrigation projects, two
consumptive use values are developed. One,
composed of monthly or seasonal values, is
used with an adjustment for effective
precipitation and anticipated losses mentioned
above to determine the total water requirement
for appraising the adequacy of the total water
supply and determining reservoir storage
requirements. The other, a peak use rate, is
used for sizing the canal and lateral system.

Evapotranspiration, commonly called
consumptive use, is defined as the sum of
evaporation from plant and soil surfaces and
transpiration from plants and is usually
expressed in terms of depth (volume per unit
area). Crop consumptive use is equal to
evapotranspiration plus water required for
plant tissue, but the two are usually considered
the same. Predictions or estimates of
evapotranspiration are basic parameters for the
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engineer or agronomist involved in planning
and developing water resources. Estimates of
evapotranspiration are also used in assessing the
disposition of water in an irrigation project,
evaluating the irrigation water-management
efficiency, and projecting drainage
requirements.

Reliable rational equations are available for
estimating evapotranspiration when basic
meteorological parameters such as net
radiation, vapor pressure and temperature
gradients, wind speed at a prescribed elevation
above the crops or over a standard surface, and
soil heat flux are available. When information
on these parameters is not available, which is
the usual case, recourse is made to empirical
methods. Numerous equations, both empirical
and partially based on theory, have been
developed for estimating potential
evapotranspiration. Estimates from these
methods are generally accepted as being of
suitable accuracy for planning and developing
water resources. Probably the methods most
widely used at this time are the Blaney-Criddle
method shown in reference [1]! and the Soil
Conservation Service adaptation of the
Blaney-Criddle method, shown in reference
(21].

A more recent method, nearly developed
sufficiently for general wusage, is the
Jensen-Haise solar radiation method shown in
reference [3]. In general terms, these methods
utilize climatic data to estimate a climatic
index. Then coefficients, reflecting the stage of
growth of individual crops and their actual
water requirement in relationship to the
climatic index, are used to estimate the
consumptive use requirements for selected
crops.

Project studies must include estimates of
floodflows, as these are essential to the
determination of the spillway capacity.
Consideration should also be given to annual
minimum and mean discharges and to the
magnitudes of relatively common floods having
20-, 10-, and 4-percent chances of occurrence,
as this knowledge is essential for construction

lNumbers in brackets refer to items in the bibliography, sec.
2-30.
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purposes such as diverting the stream,
providing cofferdam protection, and scheduling
operations. Methods of arriving at estimates of
floodflows are discussed in appendix L. If the
feasibility studies are relatively complete, the
flood determination may be sufficient for
design purposes. If, however, floodflows have
been computed for purposes of the feasibility
study without making full use of all available
data, these studies should be carefully reviewed
and extended in detail before the actual design
of the structure is undertaken. Frequently, new
data on storms, floods, and droughts become
available between the time the feasibility
studies are made and construction starts. Where
such changes are significant, the flood studies

should be revised and brought up to date.

Project studies should also include a
ground-water study, which may be limited
largely to determining the effect of ground
water on construction methods. However,
some ground-water situations may have an
important bearing on the choice of the type of
dam to be constructed and on the estimates of
the cost of foundations. Important
ground-water information sometimes can be
obtained in connection with subsurface
investigations of foundation conditions.

As soon as a project appears to be feasible,
steps should be taken in accordance with State
water laws to initiate a project water right.

D. RESERVOIR CAPACITY AND OPERATION

2-8. General. —Dam designs and reservoir
operating criteria are related to the reservoir
capacity and anticipated reservoir operations.
The loads and loading combinations to be
applied to the dam are derived from the several
standard reservoir water surface elevations.
Reservoir operations are an important
consideration in the safety of the structure and
should not be overlooked in the design.
Similarly, the reservoir capacity and reservoir
operations are used to properly size the
spillway and outlet works. The reservoir
capacity is a major factor in flood routings and
may determine the size and crest elevation of
the spillway. The reservoir operation and
reservoir capacity allocations will determine
the location and size of outlet works for the
controlled release of water for downstream
requirements and flood control.

Reservoir area-capacity tables should be
prepared before the final designs and
specifications are completed. These
area-capacity tables should be based upon the
best available topographic data and should be
the official document for final design and
administrative purposes until superseded by a
reservoir resurvey. Electronic computer
programs are an aid in preparation of reservoir
area and capacity data. These computers enable

the designer to quickly have the best results
obtainable from the original field data.

2-9. Reservoir Allocation Definitions.—To
ensure uniform reporting of data for design and
construction, the following standard
designations of water surface elevations and
reservoir capacity allocations are used by the
Bureau of Reclamation:

(a) General. Dam design and reservoir
operation utilize reservoir capacity and water
surface elevation data. To ensure uniformly in
the establishment, use, and publication of these
data, the following standard definitions of
water surface elevations and reservoir capacities
shall be used. Reservoir capacity as used here is
exclusive of bank storage capacity.

(b) Water Surface Elevation Definitions.
(Refer to fig. 2-1.)

(1) Maximum Water Surface is the
highest acceptable water surface elevation
with all factors affecting the safety of the
structure considered. Normally, it is the
highest water surface elevation resulting
from a computed routing of the inflow
design flood through the reservoir on the
basis of established operating criteria. It is
the top of surcharge capacity.

(2) Top of Exclusive Flood Control
Capacity is the reservoir water surface
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Figure 2-1. Reservoir capacity allocation sheet used by Bureau of Reclamation.
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elevation at the top of the reservoir capacity
allocated to exclusive use for regulation
of flood inflows to reduce damage
downstream.

(3) Maximum Controllable Water
Surface Elevation is the highest reservoir
water surface elevation at which gravity
flows from the reservoir can be completely
shut off.

(4) Top of Joint Use Capacity is the
reservoir water surface elevation at the top
of the reservoir capacity allocated to joint
use, i.e., flood control and conservation
purposes.

(5) Top of Active Conservation
Capacity is the reservoir water surface
elevation at the top of the capacity allocated
to the storage of water for conservation
purposes only.

(6) Top of Inactive Capacity is the
reservoir water surface elevation below
which the reservoir will not be evacuated
under normal conditions.

(7) Top of Dead Capacity is the lowest
elevation in the reservoir from which water
can be drawn by gravity.

(8) Streambed at the Dam Axis is the
elevation of the lowest point in the
streambed at the axis of the dam prior to
construction. This elevation normally
defines the zero for the area-capacity tables.

(¢) Capacity Definitions.

(1) Surcharge Capacity is reservoir
capacity provided for use in passing the
inflow design flood through the reservoir. It
is the reservoir capacity between the
maximum water surface elevation and the
highest of the following elevations:

a. Top of exclusive flood control
capacity.

b. Top of joint use capacity.

c. Top of active conservation
capacity.

(2) Total Capacity is the reservoir
capacity below the highest of the elevations
representing the top of exclusive flood
control capacity, the top of joint use
capacity, or the top of active conservation
capacity. In the case of a natural lake which
has been enlarged, the total capacity
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includes the dead capacity of the lake. If the
dead capacity of the natural lake has not
been measured, specific mention of this fact
should be made. Total capacity is used to
express the total quantity of water which
can be impounded and is exclusive of
surcharge capacity.

(3) Live Capacity is that part of the
total capacity from which water can be
withdrawn by gravity. It is equal to the total
capacity less the dead capacity.

(4) Active Capacity is the reservoir
capacity normally usable for storage and
regulation of reservoir inflows to meet
established reservoir operating requirements.
Active capacity extends from the highest of
the top of exclusive flood control capacity,
the top of joint use capacity, or the top of
active conservation capacity, to the top of
inactive capacity. It is the total capacity less
the sum of the inactive and dead capacities.

(5) Exclusive Flood Control Capacity
is the reservoir capacity assigned to the sole
purpose of regulating flood inflows to
reduce flood damage downstream. In some
instances the top of exclusive flood control
capacity is above the maximum controllable
water surface elevation.

(6) Joint Use Capacity is the reservoir
capacity assigned to flood control purposes
during certain periods of the year and to
conservation purposes during other periods
of the year.

(7) Active Conservation Capacity is the
reservoir capacity assigned to regulate
reservoir inflow for irrigation, power,
municipal and industrial use, fish and
wildlife, navigation, recreation, water
quality, and other purposes. It does not
include exclusive flood control or joint use
capacity. The active conservation capacity
extends from the top of the active
conservation capacity to the top of the
inactive capacity.

(8) Inactive Capacity is the reservoir
capacity exclusive of and above the dead
capacity from which the stored water is
normally not available because of operating
agreements or physical restrictions. Under
abnormal conditions, such as a shortage of
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water or a requirement for structural repairs,
water may be evacuated from this space
after obtaining proper authorization. The
highest applicable water surface elevation
described below usually determines the top
of inactive capacity.

a. The lowest water surface
elevation at which the planned minimum
rate of release for water supply purposes
can be made to canals, conduits, the river,
or other downstream conveyance. This
¢levation is normally established during
the planning and design phases and is the
elevation at the end of extreme drawdown
periods.

b. The established minimum water
surface elevation for fish and wildlife
purposes.

¢. The established minimum water
surface elevation for recreation purposes.

d. The minimum water surface
elevation as set forth in compacts and/or
agreements with political subdivisions.

e. The minimum water surface
elevation at which the powerplant is
designed to operate.

f. The minimum water surface
elevation to which the reservoir can be
drawn using established operating
procedures without endangering the dam,
appurtenant structures, or reservoir
shoreline.

g. The minimum water surface
elevation or the top of inactive capacity
established by legislative action.

(9) Dead Capacity is the reservoir
capacity from which stored water cannot be
evacuated by gravity.
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2-10. Data to be Submitted.—To complete
the designs of the dam and its appurtenant
works, the following reservoir design data
should be submitted:

(1) Area-capacity curves and/or tables
computed to an elevation high enough to allow
for storage of the spillway design flood.

(2) A topographic map of the reservoir site
prepared to an appropriate scale.

(3) Geological information pertinent to
reservoir tightness, locations of mines or
mining claims, locations of oil and natural gas
wells.

(4) Completed reservoir storage allocations
and corresponding elevations.

(5) Required outlet capacities for respective
reservoir water surfaces and any required sill
elevations. Give type and purpose of reservoir
releases and the time of year these must be
made. Include minimum releases required.

(6) Annual periodic fluctuations of reservoir
levels shown by tables or charts summarizing
reservoir operation studies.

(7) Method of reservoir operation for flood
control and maximum permissible releases
consistent with safe channel capacity.

(8) Physical, economic, or legal limitations
to maximum reservoir water surface.

(9) Anticipated occurrence and amounts of
ice (thickness) and floating debris, and possible
effect on reservoir outlets, spillway, and other
appurtenances.

(10) Extent of anticipated wave action,
including a discussion of wind fetch.

(11) Where maintenance of flow into
existing canals is required, determine maximum
and probable carrying capacity of such canal,
and time of year when canals are used.

E. CLIMATIC EFFECTS

2-11. General. —The climatic conditions
which are to be encountered at the site affect
the design and construction of the dam.
Temperature loads may be one of the major
loads imposed on a dam, depending upon its
height and configuration. Measures which
should be employed during the construction

period to prevent cracking of concrete must be
related to the ambient temperatures
encountered at the site. Construction methods
and procedures may also be dependent upon
the weather conditions, since weather affects
the rate of construction and the overall
construction schedule. Accessibility of the site
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during periods of inclement weather affects the

construction schedule and should be
investigated.

2-12. Data to be Submitted.—The following
data on climatic conditions should be
submitted as part of the design data:

(1) Weather Service records of mean

monthly maximum, mean monthly minimum,
and mean monthly air temperatures for the
nearest station to the site. Data on river water
temperatures at various times of the year
should also be obtained.
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(2) Daily readings of maximum and
minimum air temperatures should be submitted
as soon as a station can be established at the
site.

(3) Daily readings of maximum and
minimum river water temperatures should be
submitted as soon as a station can be
established at the site.

(4) Amount and annual variance in rainfall
and snowfall.

(5) Wind velocities and prevailing direction.

F. CONSTRUCTION MATERIALS

2-13. Concrete Aggregates.—The
construction of a concrete dam requires the
availability of suitable aggregates in sufficient
quantity to construct the dam and its
appurtenant structures. Aggregates are usually
processed from natural deposits of sand, gravel,
and cobbles. However, if it is more practical,
they may be crushed from suitable rock. For
small dams, the aggregates may be obtained
from existing commercial sources. If the
aggregates are obtained from borrow pits or
rock quarries, provisions should be made to
landscape and otherwise restore the areas to
minimize adverse environmental effects. If
aggregates are available from the reservoir area,
particularly below minimum water surface,
their adverse effects would be minimized.
However, any early storage in the reservoir,
prior to completion of the dam, may rule out
the use of aggregate sources in the reservoir,

2-14. Water for Construction Purposes.—For
large rivers, this item is relatively unimportant
except for quality of the water. For small
streams and offstream reservoirs, water for
construction purposes may be difficult to
obtain. An adequate supply of water for
construction purposes such as washing

aggregates and cooling and batching concrete
should be assured to the contractor, and the
water rights should be obtained for him. If
necessary to use ground water, information on
probable sources and yields should be
obtained. Information on locations and yields
of existing wells in the vicinity, restrictions if
any on use of ground water, and necessary
permits should also be obtained.

2-15. Data to be Submitted. —In addition to
the data on concrete aggregates and water for
construction purposes, the following data on
construction materials should be obtained:

(1) An earth materials report containing
information on those potential sources of soils,
sand, and gravel which could be used for
backfill and bedding materials.

(2) Information on riprap for protection of
slopes.

(3) Information on sources and character of
acceptable road surfacing materials, if required.

(4) References to results of sampling,
testing, and analysis of construction materials.

(5) Photographs of sources of construction
materials.

(6) Statement of availability of lumber for
structural work.

G. SITE SELECTION

2-16. General. —A water resources
development project is designed to perform a

certain function and to serve a particular area.
Once the purpose and the service area are
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defined, a preliminary site selection can be
made.

Following the determination of the
adequacy of the water supply, as discussed in
subchapter C, the two most important
considerations in selecting a damsite are: (1)
the site must be adequate to support the dam
and the appurtenance structures, and (2) the
area upstream from the site must be suitable
for a reservoir. There are often several suitable
sites along a river where the dam can be
located.

The site finally selected should be that
where the dam and reservoir can be most
economically constructed with a minimum of
interference with local conditions and still
serve their intended purpose. An experienced
engineer can usually eliminate some of the sites
from further consideration. Cost estimates may
be required to determine which of the
remaining sites will provide the most
economical structure.

2-17. Factors in Site Selection. —1In selecting
a damsite, the following should be considered:

A narrow site will be favorable
to an arch dam; however, the
abutments must be massive
enough to accept the arch
loads. In addition the topog-
raphy must be such that the
lines of thrust are directed
into the abutments at favor-
able angles.

Topography
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The foundation of the dam
should be relatively free of
major faults and shears. If
these are present, they may
require expensive foundation
treatment to assure an ade-
quate foundation.

While the cost of these struc-
tures is usually less than
the cost of the dam, economy
in design may be obtained by
considering their effect at
the time of site selection.
For example, if a river has
a large flow, a large spill-
way and diversion works will
be required. Selecting a
site which will better accom-
modate these appurtenances
will reduce the overall cost.

Some sites may have roads, rail-
roads, powerlines, canals,
etc., which have to be relo-
cated, thus increasing the
overall costs.

Accessibility of the site has
a very definite effect on the
total cost. Difficult access
may require the construction
of expensive roads. An area
suitable for the contractor’s
plant and equipment near the
site will reduce the contrac-
tor’s construction costs.

Geology

Appurtenant
Structures

Local
Conditions

Access

H. CONFIGURATION OF DAM

2-18. General.—The shape and curvature of
a dam and its contact with the foundation are
extremely important in providing stability and
favorable stress conditions. Although stability
may be improved, and stresses decreased by
adding to the thickness of the dam, this
method is not generally economical. The
desired results can be achieved by proper
shaping and the use of both horizontal and
vertical curvature. An arch, for example,
transfers its load to the abutment by thrust and

shear, thus reducing the bending stress and
adding load carrying capacity as compared to a
flat beam.

For an arch dam in a relatively narrow
canyon, it is advantageous to use a high degree
of horizontal curvature, consistent with
requirements for site topography and vertical
shaping. More equitable stress distributions
may be obtained in dams designed for the
wider sites by using polycentered or elliptically
shaped arches. Vertical curvature and shaping
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may be used to improve the distribution of
vertical stresses by changing the dead load
moments. Where necessary to reduce stresses in
the rock, the thickness of the dam near the
foundation can be increased by using a fillet
dam, a variable-thickness dam, or abutment
pads.
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In general, abrupt changes in the contact
between the dam and the canyon profile
should be avoided. Such irregularities will
induce stress concentrations.

For a full discussion of the design of an arch
dam, see chapters III and IV.

I. FOUNDATION INVESTIGATIONS

2-19. Purpose.—The purpose of a
foundation investigation is to provide the data
necessary to properly evaluate a foundation. A
properly sequenced and organized foundation
investigation will provide all the data necessary
to evaluate and analyze the foundation at any
stage of investigation.

2-20. Field Investigations.—The collection,
study, and evaluation of foundation data is a
continuing program from the time of the
appraisal investigation to the completion of
construction. The data collection begins with
an appraisal and continues on a more detailed
basis through the design phase. Data are also
collected continuously during construction to
correlate with previously obtained information
and to evaluate the need for possible design
changes.

(a) Appraisal Investigation.—The appraisal
investigation includes a preliminary selection of
the site and type of dam. All available geologic
and topographic maps, photographs of the site
area, and data from field examinations of
natural outcrops, road cuts, and other surface
conditions should be utilized in the selection of
the site and preliminary evaluation of the
foundation.

The amount of investigation necessary for
appraisal will vary with the anticipated
difficulty of the foundation. In general, the
investigation should be sufficient to define the
major geologic conditions with emphasis on
those which will affect design. A typical
geologic map and profile are shown on figures
2-2 and 2-3.

The geologic history of a site should be
thoroughly studied, particularly where the
geology is complex. Study of the history may
assist in recognizing and adequately

investigating hidden but potentially dangerous
foundation conditions,

Diamond core drilling during appraisal
investigations may be necessary in more
complex foundations and for the foundations
for larger dams. The number of drill holes
required will depend upon the areal extent and
complexity of the foundation. Some
foundations may require as few as three or four
drill holes to define an uncertain feature.
Others may require substantially more drilling
to determine foundation treatment for a
potentially dangerous foundation condition.

Basic data that should be obtained during
the appraisal investigation, with refinement
continuing until the construction is complete,
are:

(1) Dip, strike, thickness, composition, and
extent of faults and shears.

(2) Depth of overburden.

(3) Depth of weathering.

(4) Joint orientation and continuity.

(5) Lithology throughout the foundation.

(6) Physical properties tests of the
foundation rock. Tests performed on similar
foundation materials may be wused for
estimating the properties in the appraisal
phase.

(b) Feasibility Investigation.—During the
feasibility phase, the location of the dam is
usually finalized and the basic design data are
firmed up. The geologic mapping and sections
are reviewed and supplemented by additional
data such as new surveys and additional drill
holes. The best possible topography should be
used. In most cases, the topography is easily
obtained by aerial photogrammetry to almost
any scale desired.

The drilling program is generally the means
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of obtaining the additional data required for
the feasibility stage. The program takes
advantage of any knowledge of special
conditions revealed during the appraisal
investigation. The drill holes become more
specifically oriented and increased in number
to better define the foundation conditions and
to determine the amount of foundation
treatment required.

The rock specimens for laboratory testing
during the feasibility investigations are usually
nominal, as the actual decision for construction
of the dam has not yet been made. Test
specimens should be obtained to determine
more accurately physical properties of the
foundation rock and for petrographic
examination. Physical properties of joint or
fault samples may be estimated by using
conservative values from past testing of similar
materials. The similarity of materials can be
judged from the cores retrieved from the
drilling.

(¢) Final Design Data.—Final design data are
required prior to the preparation of the
specifications. A detailed foundation
investigation is conducted to obtain the final
design data. This investigation involves as many
drill holes as are necessary to accurately define
the following items:

(1) Strike, dip, thickness, continuity,
and composition of all faults and shears in
the foundation.

(2) Depth of overburden.

(3) Depth of weathering throughout
the foundation.

(4) Joint orientation and continuity.

(5) Lithologic variability.

(6) Physical properties of the
foundation rock, including material in the
faults and shears.

The foundation investigation may involve,
besides diamond core drilling, detailed mapping
of surface geology and exploration of dozer
trenches and exploratory openings such as
tunnels, drifts, and shafts. The exploratory
openings can be excavated by contact prior to
issuing final specifications. These openings
provide the best possible means of examining
the foundation.

In addition to test specimens for
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determining the physical properties, specimens
may be required for final design for use in
determining the shear strength of the rock
types, healed joints, and open joints. This
information may be necessary to determine the
stability of the foundation and is discussed as
the shear-friction factor in subchapter F of
chapter III.

Permeability tests should be performed as a
routine matter during the drilling program. The
information obtained can be utilized in
establishing flow nets which will aid in
studying uplift conditions and establishing
drainage systems. The permeability testing
methods presently used by the Bureau of
Reclamation are described in designation E-18
of the Earth Manual [4] and the report
entitled ‘“‘Drill Hole Water Tests—Technical
Instructions,” published by the Bureau of
Reclamation in July 1972.

2-21. Construction Geology.—The geology
as encountered in the excavation should be
defined and compared with the preexcavation
geology. Geologists and engineers should
consider carefully any geologic change and
check its relationship to the design of the
structure.

As-built geology drawings should be
developed even though revisions in design may
not be required by changed geologic
conditions, since operation and maintenance
problems may develop requiring detailed
foundation information.

2-22. Foundation Analysis Methods.—Arch
dams are keyed into the foundation so that the
foundation will normally be adequate if it has
enough bearing capacity to resist the loads
from the dam. However, a foundation may
have faults, shears, seams, joints, or zones of
inferior rock that could develop unstable rock
masses when acted on by the loads of the dam
and reservoir. The safety of the dam against
sliding along a joint, fault, or seam in the
foundation can be determined by computing
the shear-friction factor of safety. This method
of analysis is explained in subchapter F of
chapter III. If there are several joints, faults, or
seams along which failure can occur, the
potentially unstable rock mass can be analyzed
by a method called rigid block analysis. This
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method is explained in detail in subchapter F
of chapter IV. These methods of analysis may
also be applied to slope stability problems.

The data required for these two methods of
analysis are:

(1) Physical properties.

(2) Shearing and sliding strengths of
the discontinuities and the rock.

(3) Dip and strike of the faults, shears,
seams, and joints.

(4) Limits of the potentially unstable
rock mass.

(5) Uplift pressures on the failure
surfaces.

(6) Loads to be applied to the rock
mass.

When a foundation is interspersed by many
faults, shears, joints, seams, and zones of
inferior rock, the finite element method of
analysis can be used to determine the bearing
capacity and the amount of foundation
treatment required to reduce or eliminate areas
of tension in the foundation. This method of
analysis can be utilized to evaluate the effective
foundation moduli for use in analyzing the
dam, and provides a way to combine markedly
different physical properties. The description
of this method can be found in subchapter E of
chapter IV. In addition to the data required for
the rigid block analysis, the finite element
analysis requires the deformation moduli of the
various parts of the foundation.

2-23. In Situ Testing.—In situ shear tests
[S] are more expensive than similar laboratory
tests; and consequently, comparatively few can
be run. The advantage of a larger test surface
may require that a few in situ tests be
supplemented by a greater number of
laboratory tests. The shearing strength relative
to both horizontal and vertical movement
should be obtained by either one or a
combination of both methods.

Foundation permeability tests may be run in
conjunction with the drilling program or as a
special program. The tests should be performed
according to designation E-18 of the Earth
Manual {4] and the report entitled “Drill Hole
Water Tests—Technical Instructions,”
published by the Bureau of Reclamation in
July 1972.

DESIGN OF ARCH DAMS

Foundation deformation tests can be
performed within the exploratory shafts and
tunnel. The deformation tests applicable to
rock masses are the radial jacking test [6] and
the uniaxial jacking test [7]. For softer and
less thick or massive materials, the plate gouge
test [8] may be used.

2-24. Laboratory Testing.—The following
laboratory tests are standard and the methods
and test interpretations should not vary
substantially from one laboratory to another.
A major problem involved with laboratory tests
is obtaining representative samples. Sample size
is often dictated by the laboratory equipment
and is a primary consideration. Following is a
list of laboratory tests:

Physical Properties Tests

(1) Compressive strength
(2) Elastic modulus

(3) Poisson’s ratio

(4) Bulk specific gravity
(5) Porosity

(6) Absorption

Shear Tests

Perform on intact
specimens and

(1) Direct shear

(2) Triaxial shear those with healed
joints

(3) Sliding friction  Perform on open
joints

Other Tests

(1) Solubility
(2) Petrographic analysis

2-25. Consistency of Presentation of
Data. It is important that the design engineers,
laboratory personnel, and geologists be able to
draw the same conclusions from the
information presented in the investigations.
The standardization of the geologic
information and laboratory test results is
therefore essential and is becoming increasingly
so with the newer methods of analysis.
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J. CONSTRUCTION ASPECTS

2-26. General. —The construction problems
that may be encountered by the contractor in
constructing the dam and related features
should be considered early in the design stage.
One of the major problems, particularly in
narrow canyons, is adequate area for the
contractor’s construction plant and equipment
and for storage of materials in the proximity of
the dam. Locating the concrete plant to
minimize handling of the concrete and the
aggregates and cement can materially reduce
the cost of the concrete.

Permanent access roads should be located to
facilitate the contractor’s activities as much as
practicable. This could minimize or eliminate
unsightly abandoned construction roads.
Structures should be planned to accommodate
an orderly progression of the work. The length
of the construction season should be
considered. In colder climates and at higher
elevations it may be advantageous to suspend
all or part of the work during the winter
months. Adequate time should be allowed for
construction so that additional costs for
expedited work are not encountered.

2-27. Construction Schedule.—The
contractor’s possible methods and timing of
construction should be considered at all times
during the design of the dam and its
appurtenant structures. Consideration of the
problems which may be encountered by the
contractor can result in significant savings in
the cost of construction. By developing an
anticipated construction schedule, potential
problems in the timing of construction of the
various parts can be identified. If practicable,
revisions in the design can be made to eliminate
or minimize the effect of the potential
problems. The schedule can be used to program

supply contracts and other construction
contracts on related features on the project. It
is also useful as a management tool to the
designer in planning his work so that
specifications and construction drawings can
be provided when needed.

The construction schedule can be made by
several methods such as Critical Path Method
(CPM), Program Evaluation and Review
Technique (PERT), and Bar Diagram. Figure
2-4 shows a network for a portion of a
hypothetical project for a CPM schedule. Data
concerning the time required for various parts
of the work and the interdependencies of parts
of the work can be programmed into a
computer which will calculate the critical path.
It will also show slack time or areas which are
not critical. In this example, there are two
paths of activities. The path which is critical is
the preparation of specifications, awarding of
contract, and the construction of “A,” “B,”
and ‘‘D.”” The second path, through
construction of “C” and “E” is not critical. As
the work progresses, the current data on the
status of all the phases of work completed and
in progress can be fed back into the computer.
The computer will then recompute the critical
path, thus establishing a new path if another
phase of the work has become critical, and will
point out any portion of the work that is
falling behind the required schedule.

Figure 2-5 shows the construction schedule
for the hypothetical project on a bar diagram.
This diagram is made by plotting bars to the
length of time required for each portion of the
work and fitting them into a time schedule,
checking visually to make sure interrelated
activities are properly sequenced.

K. MISCELLANEOUS CONSIDERATIONS

2-28. Data to be Submitted. —Many items

not covered above affect the design and
construction of a dam. Some of these are noted

below. In securing and preparing design data,

the adequacy and accuracy of the data should
contemplate their possible subsequent utility
for expansion into specifications design data.
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(1) Details of roadway on crest of dam (and
approaches) if required.

(2) Present or future
highway crossing on dam.

(3) Details of fishways and screens, with

requirement for

recommendations of appropriate fish
authorities.
(4) Existing works to be replaced or

incorporated into dam.

(5) Future powerplant
development.

(6) Navigation facilities.

(7) Possibility of raising crest of dam in
future.

(8) Anticipated future river channel
improvement or other construction which
might change downstream river regimen.

(9) Recreational facilities anticipated to be
authorized, and required provisions for public
safety.

(10) Recommended period of construction.

(11) Commitments for delivery of water or
power.

(12) Designation of areas within
right-of-way boundaries for disposal of waste
materials.

or power

2-29. Other Considerations. —Design
considerations must take into account
construction procedures and costs. An early
evaluation and understanding of these is
necessary if a rapid and economical
construction of the dam is to be attained.

Designs for mass concrete structures and
their appurtenances should be such that
sophisticated and special construction
equipment will not be required. Thin, curved
walls with close spacing of reinforcement may
be desirable for several reasons, and may
represent the minimum cost for materials such
as cement, flyash, admixtures, aggregates, and
reinforcing steel. However, the cost of forming
and labor for construction of this type and the
decreased rate of concrete placement may
result in a much higher total cost than would
result from a simpler structure of greater
dimensions.

Design and construction requirements
should permit and encourage the utilization of
machine power in place of manpower wherever
practicable. Any reduction in the requirement
for high cost labor will result in a significant
cost savings in the completed structure. Work
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areas involved in a high labor use include the
placing, compaction, and curing of the
concrete, the treatment and cleanup of
construction joints, and the repair and finishing
of the concrete surfaces.

Forming is a significant cost in concrete
structures. Designs should permit the simpler
forms to be used, thus facilitating fabrication,

DESIGN OF ARCH DAMS

installation, and removal of the forms.
Repetitive use of forms will materially reduce
forming costs. Although wooden forms are
cheaper in initial cost, they can only be used a
limited number of times before they warp and
fail to perform satisfactorily. The reuse of steel
forms is limited only by the designs and the
demands of the construction schedule.
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<<Chapter il

Design Data and Criteria

A. INTRODUCTION

3-1. Basic Assumptions.—Computational
methods require some basic assumptions for
the analysis of an arch dam. The assumptions
which cover the continuity of the dam and its
foundation, competency of the concrete in the
dam, adequacy of the foundation, and
variation of stresses across the sections of the
dam are as follows:

(1) Rock formations at the damsite are, or
will be after treatment, capable of carrying the
loads transmitted by the dam with acceptable
stresses.

(2) The dam is thoroughly bonded to the
foundation rock throughout its contact with
the canyon, so that the arch and cantilever
elements may be considered to move with the
foundation.

(3) The concrete in the dam is
homogeneous, uniformly elastic in all
directions, and strong enough to carry the
applied loads with stresses below the elastic
limit.

(4) The dam is a monolithic structure, and

arch action occurs if the forces on the dam are
sufficient and act to produce positive
horizontal thrusts so that vertical closure
surfaces (contraction joints, closure slots, etc.)
are closed. If the forces acting cause negative
horizontal thrusts and tensile stresses exist over
50 percent of the arch thickness, arch action
will not occur.

(5) Vertical stresses on horizontal planes
vary linearly from the upstream face to the
downstream face.

(6) Horizontal stresses normal to vertical
radial planes vary linearly from the upstream
face to the downstream face.

(7) Horizontal shearing stresses acting in
tangential directions vary linearly from the
upstream face to the downstream face.

(8) Horizontal shearing stresses acting along
horizontal planes in radial directions and along
vertical radial planes have parabolic
distributions from the upstream face to the
downstream face.

B. CONCRETE

3-2. Concrete Properties.—An arch dam
must be constructed of concrete which will
meet the design criteria for strength, durability,
permeability, and other properties. Although
mix proportions are usually controlled by
strength and/or durability requirements, the
cement content should be held to an

acceptable minimum in order to minimize the
heat of hydration. Properties of concrete vary
with age and with proportions and types of
ingredients.

Tests must be made on specimens using the
full mass mix and the specimens must be of
sufficient age to adequately evaluate the
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strength and elastic properties which will exist
for the concrete in the dam [1]'.

(a) Strength.—The strength of concrete
should satisfy early load and construction
requirements, and at some specific age should
have the specified compressive strength as
determined by the designer. This specific age is
often 365 days but may vary from one
structure to another.

Tensile strength of the concrete mix should
be determined as a companion test series using
the direct tensile test method.

Shear strength is a combination of internal
friction, which varies with the normal
compressive stress, and cohesive strength.
Companion series of shear strength tests should
be conducted at several different normal stress
values covering the range of normal stresses to
be expected in the dam. These values should be
used to obtain a curve of shear strength versus
normal stress.

(b) Elastic Properties.—Concrete is not a
truly elastic material. When concrete is
subjected to a sustained load such as may be
expected in a dam, the deformation produced
by that load may be divided into two
parts—the elastic deformation, which occurs
immediately due to the instantaneous modulus
of elasticity; and the inelastic deformation, or
creep, which develops gradually and continues
for an indefinite time. To account for the
effects of creep, the sustained modulus of
elasticity is used in the design and analysis of a
concrete dam.

The stress-strain curve is, for all practical
purposes, a straight line within the range of
usual working stresses. Although the modulus
of elasticity is not directly proportional to the
strength, the high strength concretes usually
have higher moduli. The usual range of the
instantaneous modulus of elasticity for
concrete at 28-day age is between 2.0 x 10¢
and 6.0 x 10® pounds per square inch.

(c) Thermal Properties.—The effects of
temperature change on an arch dam are
dependent on the thermal properties of the
concrete. Thermal properties necessary for the

! Numbers in brackets refer to items in the bibliography, sec.
321.
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evaluation of temperature effects are the
coefficient of thermal expansion, thermal
conductivity, and specific heat [10]. The
coefficient of thermal expansion is the length
change per unit length per degree temperature
change. Thermal conductivity is the rate of
heat conduction through a unit thickness over
a unit area of the material subjected to a unit
temperature difference between faces. The
specific heat is defined as the amount of heat
required to raise the temperature of a unit mass
of the material 1 degree. Diffusivity of
concrete is an index of the facility with which
concrete will undergo temperature change.

Diffusivity is a function of the values of
specific heat, thermal conductivity, and
density.

(d) Dynamic Properties.—Concrete, when
subjected to dynamic loadings, may exhibit
characteristics unlike those occurring during
static loadings. Testing is presently underway
in the Bureau’s laboratory to determine the
properties of concrete when subjected to
dynamic loading. Until sufficient test data are
available, static strengths and the instantaneous
modulus of elasticity should be used.

(e) Other Properties.—In addition to the
strength, elastic modulus, and thermal
properties, several other properties of concrete
should be evaluated during the laboratory
testing program. These properties, which must
be determined for computations of
deformations and stresses in the concrete
structures, are Poisson’s ratio, unit weight, and
any autogenous growth or drying shrinkage.

(f) Average Concrete Properties.—For
preliminary studies until laboratory test data
are available, the necessary values may be
estimated from published data {2] for similar
tests. Until long-term load tests are made to
determine the effects of creep, the sustained
modulus of elasticity should be taken as 60 to
70 percent of the laboratory value of the
instantaneous modulus of elasticity.

If no tests or published data are available,
the following may be assumed for preliminary
studies:

Specified compressive strength = 3,000 to
5,000 p.s.i.
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Tensile strength = 4 to 6 percent of the
compressive strength
Shear strength:
Cohesion = 10 percent of the compressive
strength
Coefficient of internal friction = 1.0
Sustained modulus of elasticity = 3.0 x 108
p.s.i. (static load including effects of
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creep)
Instantaneous modulus of elasticity = 5.0 x
106 p.s.i. (dynamic or short time load)
Coefficient of thermal expansion = 5.0 x
10— per degree F.

Poisson’s ratio = 0.20

Unit weight of concrete = 150 pounds per
cubic foot.

C. FOUNDATION

3-3. Foundation Deformation.—The
reaction of the foundation to the loads from
the dam controls to some extent the stresses
within the dam. Conversely, the response of
the dam to the external loads and the
foundation determines the stresses on the
foundation. The proper determination of the
interaction between the dam and the
foundation requires an accurate knowledge of
the deformation characteristics of the
foundation.

Whereas the dam is considered to be
homogeneous, elastic, and isotropic, its
foundation is in general heterogeneous,
inelastic, and anisotropic. This variation in the
foundation can affect the distribution of load
in the dam and as a result on the foundation.
Thus, the foundation deformation
characteristics should be evaluated over the
entire extent of the dam contact. The design of
the dam and any treatment to the foundation
(see sec. 6-3) to improve its properties are
considered separate problems. If treatments are
applied to the foundation, the data used for
the design of the dam should be based on the
properties of the foundation after treatment.

The discussion of foundation investigation in
chapter II (secs. 2-19 through 2-25) lists the
physical properties normally required and the
samples desired for various foundation
materials.

The foundation deformation properties used
in the analysis of the dam and foundation
should represent the composite action of all
the materials present in the foundation. The
variation in the materials and their composite
deformation properties along the foundation

contact are required for analysis of the
dam.

The foundation investigation should provide
information related to or giving deformation
moduli and elastic moduli. (Deformation
modulus is the ratio of stress to elastic plus
inelastic strain. Elastic modulus is the ratio of
stress to elastic strain.) The information
includes elastic modulus of drill core
specimens, elastic modulus and deformation
modulus from in situ jacking tests [3],
deformation modulus of fault or shear zone
material, and logs of the jointing occurring in
recovered drill cores. Knowledge of the
variation in materials and their relative
prevalence at various locations along the
foundation is provided by the logs of drill holes
and by any tunnels in the foundation.

The amount of analysis required or
extrapolation allowed in the establishment of
deformation properties over the extent of the
foundation is dependent on the uniformity of
the foundation as indicated by the foundation
investigation. An example of a foundation
requiring little analysis for deformation
properties might be one which exhibits the
following characteristics:

(1) Presence of only one or two rock
types.

(2) A closely spaced and regular
pattern of discontinuities in these rock
types such that their effect could be
obtained in an in situ jacking test.

(3) No major low-modulus zones.

(4) In situ jacking tests that show
consistent results in the same rock type at
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various locations or a distinct relation to
some parameter such as elevation or
weathering.

The next level of complexity might replace
characteristic (3) above with the following:

(3) Widely spaced parallel clay seams
and several low-modulus fault zones with
regular geometry.

The deformation of a foundation with such
a composite could be computed by using
stress-strain relationships along with
assumptions of stress distributions.

Foundations which do not exhibit these or
similar characteristics that simplify the
problem of determining the deformation
modulus should be considered complex. For
these foundations, procedures should be
established to aid in the selection of
deformation moduli for design purposes. One
such procedure, the “‘Finite Element Method,”
is described below. The procedure allows for a
wide range of complexities of foundations.
This is because the detail used in either
defining the geometry of the materials or in
determining their properties is independent of
the basic framework of the method. In the
description of the procedure some examples of
detail which may or may not be required are
discussed.

(a) Determination of Material
Deformability.—Laboratory and in situ shear
tests provide the deformation modulus for
fault and shear zones. Good compositional
description of the zones tested for deformation
modulus permits extrapolation of results to
untested zones of similar description.

(b) Determination of Foundation
Deformability.—For a complex foundation the
two-dimensional finite element method should
be used to determine the deformation modulus
in selected directions and locations along the
foundation [4, 5). A finite element model is
prepared which presents each material in its
appropriate location and quantity (see secs.
4-58 through 4-64). The deformation
properties used for the materials are
determined from information gained from the
foundation investigation program.

Variations in the characteristics of the zones
(for example, pinching and swelling) which are
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too detailed for inclusion in the total finite
element model may modify the results of
localized testing of the material. If geological
investigations indicate any significant
variations, these can be evaluated by additional
analysis and appropriate corrections can be
made to the deformation moduli determined
from tests.

The deformation modulus of the rock
masses presented in the finite element model
may be taken directly from large -scale jacking
tests if the jointing in the foundation is
uniform. Rock masses are considered to be the
material between major shears and faults. The
rock masses in general contain joints, very
narrow shears, discontinuous shears, and other
minor discontinuities.

Another procedure is to reduce the elastic
modulus of test specimens of a rock type by a
percentage based on the quality of the rock
[6], as estimated on the percentage of recovery
of drill core. When the discontinuities at a site
are highly variable, a technique known as the
“Joint-Shear Index” [7] may be used to
determine the modulus of the rock masses. The
basic procedure in using this method follows.

For each large-scale jacking test the
deformation modulus is obtained. The
location, condition, and type of discontinuities
in the NX core extracted for instrumentation
at each site are logged. The elastic moduli of
the best specimens of the core are determined.

After the test has been conducted, the ratio
of the deformation modulus obtained to the
elastic modulus of the drill core (£;/E_) can be
computed. This ratio is plotted versus the sum
of the discontinuities weighted for location,
condition, and type. A correlation curve is
established when the results of several jacking
tests have been plotted. This curve may then be
used to determine deformation moduli for rock
at any location along the foundation by simply
logging the drill core according to a set
procedure and determining its elastic modulus.
Reference [7] discusses the application of the

methods described above to a specific
foundation.

(c) Effective Deformation Modulus
Determination.—The need to reduce the

collective deformation moduli to a single value,
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called the effective deformation modulus, for
each arch or cantilever stems from the manner
in which the stress analysis method includes
the effects of foundation modulus (see sec.
4-30).

An effective deformation modulus is one
which, when substituted for the various moduli
in a composite foundation, produces an
equivalent behavior. The two-dimensional
finite element method of analysis can be used
to analyze a difficult and complex foundation
composed of several different materials and
determine the effective deformation modulus
for a particular section or location. The
technique is well suited to the purpose, since
each zone of varying material can be modeled
according to its geometric limits and its
particular deformation modulus. By analyzing
an adequate number of sections or locations, a
plot of the variation in effective deformation
modulus for the entire foundation can be made
and the effective deformation modulus for
each arch and cantilever abutment determined.
Thus, the variation in deformation modulus
along the contact of the dam and foundation
can be included in the stress analysis for the
dam.

(d) Modification of Deformation Modulus
by Treatment.—The presence of a zone of
low-modulus material in close proximity to the
dam may produce an equivalent deformation
modulus which is too low to be acceptable or
which causes too abrupt a change with respect
to adjacent sections. Undesirable stresses in the
dam could be produced due to these zones.
Treatment may be modeled directly in the
finite element studies by simply replacing the
material properties of the elements in the zone
to be treated. After the correct amount of
treatment has been determined, the effective
deformation modulus of the foundation should
be determined as described in (c¢) above, with
the treatment included.

3-4. Foundation Strength.—Compressive
strength of the foundation rock can be an
important factor in determining thickness
requirements for a dam at its contact with the
foundation. Where the foundation rock is
nonhomogeneous, a sufficient number of tests,
as determined by the designer, should be made

27

to obtain compressive strength values for each
type of rock in the loaded part of the
foundation.

A determination of tensile strength of the
rock is seldom required because discontinuities
such as unhealed joints and shear seams cannot
transmit tensile stress within the foundation.

Resistance to shear within the foundation
and between the dam and its foundation results
from the cohesion and internal friction
inherent in the foundation materials and at the
concrete-rock contact. These properties are
found from laboratory and in situ testing as
discussed in sections 2-23 and 2-24. However,
when test data are not available, values of the
properties may be estimated (subject to the
limitations discussed below) from published
data [2, 8, 9] and from tests on similar
materials.

The results of laboratory triaxial and direct
shear tests, as well as in situ shear tests, will
typically be reported in the form of the
Coulomb equation,

R=CA+Ntang¢ 1)
where:

R = shear resistance,

C = unit cohesion,

A = area of section,

N = effective normal force, and
tan ¢ = tangent of angle of friction.

which defines a linear relationship between
shear resistance and normal load. Experience
has shown that such a representation of shear
resistance is usually realistic for most intact
rock. For other materials, the relationship may
not be linear and a curve of shear strength
versus normal load should be used for the
condition of an existing joint, as discussed
later. Also, it may be very difficult to
differentiate between cohesive and friction
resistance for materials other than intact rock.

In the case of an existing joint in rock, the
shear strength is derived basically from sliding
friction and usually does not vary linearly with
the normal load. Therefore, the shear resistance
should be represented by a curve of shear
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resistance versus normal load, as shown by the
curve OA in figure 3-1. If a straight line, BC,
had been used, it would have given values of
shear resistance too high where it is above the
curve OA, and values too low where it is below.
A linear variation may be used to represent a
portion of the curve. Thus, the line DE can be
used to determine the shear resistance for
actual normal loads between N; and N,
without significant error. However, for normal
loads below N, or above N, , its use would give
a shear resistance which is too high and the
design would therefore be unsafe.

Other potential sliding planes, such as shear
zones and faults, should be checked to
determine if the shear resistance should be
linear or curvilinear. As with the jointed rock, a
linear variation can be assumed for a limited
range of normal loads if tests on specimens
verify this type of variation for that range of
normal loads.

The specimens tested in the laboratory or in
situ are usually small with respect to the planes
analyzed in design. Therefore, the scale effect
should be carefully considered in determining
the shear resistance to be used in design.
Among the factors to be considered in
determining the scale effect at each site are the
following:

(1) Comparisons of tests of various
sizes.

(2) Geological variations
potential failure planes.

(3) Current research on scale effect.

When a foundation is nonhomogeneous, the
potential sliding surface may be made up of
different materials. The total resistance can be
determined by adding the shear resistances
offered by the various materials, as shown in
the following equation:

along the

R,=R, +Ry +Ry+..... R,

where:

R, = total resistance, and
R, R,, R,, etc. = resistance offered by the
various materials.
resistance

When determining the shear
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offered by the various materials, the effect of
deformation should be considered. The shear
resistance given by the Coulomb equation or
the curves of shear resistance versus normal
load are usually the maximum for the test
specimen without regard to deformation. Some
materials obtain their maximum resistance with
less deformation than others. For example,
intact rock will not deform as much as a joint
in rock or a sheared zone when maximum shear
resistance of the material is reached.

The following example illustrates the
importance of including the effect of
deflection in determining the resistance offered
by each material in nonhomogeneous
foundations. This example has only 5 percent
intact rock to emphasize that a small quantity
of high-strength intact rock can make a
significant contribution to the total resistance.
Such a situation is not normally encountered
but can and has occurred.

Example: Determine the shear resistance on a
potential sliding plane which is 1,000 square
feet in area for the following conditions:

(1) Normal load, N = 10,000 Kkips.

(2) The plane is 5 percent intact rock
(A, = 50 square feet), 20 percent sheared
material (4, = 200 square feet), and 75
percent joint (4; = 750 square feet).

(3) The values of cohesion and tan ¢
for each material are as follows:

Cohesion
Material (p.s.f.) Tan ¢
Intact rock 200,000 1.80
Sheared material 3,000 0.30
Joint 0 0.75
- €
~ - c
4 -
w -
g —
o
%
(72}
& . |
3 - ] [
£ of” | |
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NORMAL LOAD (N}
Figure 3-1. Shear resistance on an existing joint in
rock.—288-D-2957
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(4) The normal load on each material
is:

Intact rock N, = 2,000 kips
Sheared material N, = 1,000 kips
Joint N; = 7,000 kips
The shear resistance is determined as
follows:
R, = 20%:000630) 1 1 8(2,000) = 13,600 kips
R, = 2000290).,. ¢ 3(1,000) = 900 kips
R; =972+ 0.75(7,000) = 5,250 kips

R, =13,600+ 900+ 5,250 = 19,750 kips

For this example, an analysis of the shear
strength versus deflection shows that the
movement of the intact rock at failure is 0.02
inch. At this deflection the sheared material
will have developed only 50 percent of its
strength and the joint only 5 percent.
Therefore, the actual developed strength at the
time the rock would fail is:

13,600+ 900x 0.50+ 5,250x 0.05 = 14,312 kips

This is about 70 percent of the maximum shear
strength computed above without considering
deformation.

In some situations, the potential sliding
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surface comprised of several different materials
may exhibit greater total shear resistance after
any intact materials are sheared. For example,
if the cohesive strength of intact rock is low
but the normal load acting on the total surface
is large, the sliding friction strength of the
combined materials can exceed the shear
resistance determined before the rock sheared.
For this reason, a second analysis should be
performed which considers only the sliding
friction strength of the surfaces.

3-5. Foundation Permeability. —The analysis
of an arch dam foundation requires a
knowledge of the hydrostatic pressure
distribution throughout the foundation. The
exit gradient for shear zone materials that
surface near the downstream toe of the dam
should also be determined to check against the
possibility of piping (see sec. 6-4).

The laboratory values for permeability of
sample specimens are applicable only to that
portion or portions of the foundation which
they represent. The permeability is controlled
by a network of geological features such as
joints, faults, and shear zones. The
permeability of the geologic features can be
determined best by in situ testing. The pressure
distribution for design should include the
appropriate influence of the permeability and
extent of all the foundation materials and
geologic features. Such a determination may be
made by several methods including two- and
three-dimensional physical models, two- and
three-dimensional finite element models, and
electric analogs.

D. LOADS

3-6. Reservoir and Tailwater.—Reservoir and
tailwater loads to be applied to the structure
are obtained from reservoir operation studies
and tailwater curves. These studies are based on
operating and hydrologic data such as reservoir
capacity, storage allocations, streamflow
records, flood hydrographs, and reservoir
releases for all purposes. A design reservoir can
be derived from these operation studies which
will reflect a normal high water surface,

seasonal drawdowns, and the usual low water
surface.

The hydrostatic pressure at any point on the
dam is equal to the hydraulic head at that
point times the unit weight of water (62.4 1b.
per cu. ft.).

The normal design reservoir elevation is the
highest elevation that water is normally stored.
It is the Top of Joint Use Capacity, if joint use
capacity is included. If not, it is the Top of
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Active Conservation Capacity. For definitions
of reservoir capacities, see section 2-9.

The minimum design reservoir elevation is
defined as the usual low water surface as
reflected in seasonal drawdowns. Unless the
reservoir is drawn down to Top of Inactive
Capacity at frequent intervals, the minimum
design reservoir elevation will be higher than
that level.

Maximum design reservoir elevation is the
highest anticipated water surface elevation and
usually occurs in conjunction with the routing

of the inflow design flood through the
Teservoir.
The tailwater elevation wused with a

particular reservoir elevation should be the
minimum that can be expected to occur with
that reservoir elevation.

3-7. Temperature.—Temperature loads are
imposed on a concrete dam when the concrete
undergoes a temperature change and
volumetric change is restrained. The magnitude
of the temperature load is related to the
closure temperature, to the thermal coefficient
of expansion of the concrete, and to the
temperature difference between the closure
temperature and the operating temperatures
[10].

The clesure temperature of an arch dam is
defined as the mean concrete temperature at
the time that the structure is assumed to be
monolithic and arch action begins. Two
examples would be temperature of the
concrete at the time of grouting of contraction
joints or at the time of backfilling of a closure
slot. If the concrete temperature is not the
same throughout the dam at the time of
contraction joint grouting, the individual
arches will have different closure temperatures.

The closure temperature or temperatures
incorporated in the design of a dam should be
determined from results of stress analyses and
modified as necessary by practical
considerations such as costs of temperature
control measures, site conditions, and
construction program. By artificially cooling
the concrete with embedded temperature
control systems, the closure temperature may
be uniform throughout the dam or it may be
varied as desired over the height of the dam to
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achieve the desired stress distribution. Natural
cooling of the concrete will result in varying
closure temperatures, depending upon the
height and thickness of the dam and upon the
climatic conditions and construction schedule.

Operating temperatures are obtained from
temperature studies using anticipated ambient
air temperatures, reservoir water temperatures,
and solar radiation. For reconnaissance and
feasibility designs, temperature studies which
define the range of mean concrete
temperatures will be sufficient. Final design
studies should use such methods as Schmidt’s
method or the finite element method to
determine concrete temperatures and
temperature gradients as they vary throughout
the year in the different parts of the dam.

Secondary stresses can occur around
openings and at the faces of the dam due to
temperature differentials. These temperature
differentials are caused by the difference in the
temperature of the concrete surfaces due to
ambient air and water temperature variations,
solar radiation, temperature of air or water in
openings, and temperature of the concrete
mass. These secondary stresses are usually
localized near the faces of the dam and may
produce cracks which give an unsightly
appearance. If stress concentrations occur
around openings because of these temperature
differentials, cracking could lead to progressive
deterioration. Openings filled with water such
as outlets are of particular concern since
cracks, once formed, would fill with water
which could increase the pore pressure within
the dam and propagate the crack.

When making studies to determine concrete
temperature loads and temperature gradients,
varying weather conditions can be applied.
Similarly, a widely fluctuating reservoir water
surface will affect the concrete temperatures.
In determining temperature loads, the
following conditions and temperatures are
used:

(1) Mean air temperatures.—The average air
temperature which is expected to occur at the
site. These are normally obtained from Weather
Bureau records of the mean monthly air
temperatures and the mean daily maximum
and minimum air temperatures.
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(2) Usual weather conditions.—The
combination of the daily air temperatures, a
1-week cycle representative of the cold (hot)
periods associated with barometric pressure
changes, and the mean monthly air
temperatures. This condition will account for
temperatures which are halfway between the
mean monthly air temperatures and the
minimum (maximum) recorded air
temperatures at the site.

(3) Extreme weather conditions.—The
combination of the daily air temperatures, a
2-week cycle representative of the cold (hot)
periods associated with barometric pressure
changes, and the mean monthly air
temperatures. This condition will account for
the minimum (maximum) recorded air
temperatures at the site. This is an extreme
condition and is seldom used.

(4) Mean concrete temperatures.—The
average concrete temperatures between the
upstream and downstream faces which will
result from mean air temperatures, reservoir
water temperatures associated with the design
reservoir operation, and solar radiation.

(5) Usual concrete temperatures.—Same as
above, except that usuaql weather conditions are
applied.

(6) Extreme concrete temperatures.—Same
as above, except that extreme weather
conditions are applied.

3-8. Internal Hydrostatic Pressures.—
Hydrostatic pressures from reservoir water and
tailwater act on the dam and occur within the
dam and foundation as internal pressures in the
pores, cracks, joints, and seams. The
distribution of pressure through a horizontal
section of the dam is assumed to vary linearly
from full hydrostatic head at the upstream face
to zero or tailwater pressure at the downstream
face, provided the dam has no drains or unlined
water passages. When formed drains are
constructed, the internal pressure should be
modified in accordance with the size, location,
and spacing of the drains. Large unlined
penstock transitions or other large openings in
dams will require special modification of
internal pressure patterns. Pressure distribution
in the foundation may be modified by the
ground water in the general area.
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The internal pressure distribution through
the foundation is dependent on drain size,
depth, location and spacing, and on rock
porosity, jointing, faulting, and to some extent
on the grout curtain. Determination of such
pressure distribution can be made from flow
nets computed by several methods including
two- and three-dimensional physical models,
two- and three-dimensional finite element
models, and electric analogs. Such a flow net,
modified by effects of drainage and grouting
curtains, should be used to determine internal
pressure distribution. However, the jointing,
faulting, variable permeability, and other
geologic features which may further modify
the flow net should be given full consideration.

The component of internal hydrostatic
pressure acting to reduce the vertical
compressive stresses in the concrete on a
horizontal section through the dam or at its
base is referred to as uplift or pore pressure.
Records are kept of the pore pressure
measurments in most Bureau of Reclamation
dams. Figure 3-2 illustrates actual measured
uplift pressures at the concrete-rock contact as
compared with design assumptions for
Yellowtail Dam.

Laboratory tests indicate that for practical
purposes pore pressures act over 100 percent of
the area of any section through the concrete.
Because of possible penetration of water along
construction joints, cracks, and the foundation
contact, internal pressures should be
considered to act throughout the dam. It is
assumed that the pressures are not affected by
earthquake acceleration because of the
transitory nature of such accelerations.

Internal hydrostatic pressures should be used
for analyses of the foundation and for studies
of overall stability of an arch dam at its contact
with the foundation. These pressures reduce
the compressive stresses acting within the
concrete, thereby lowering the frictional shear
resistances. Unlike gravity dams, which depend
on shear resistance for stability, arch dams
resist much of the applied load by transferring
it horizontally to the abutments by arch
actions. Therefore, uplift pressures within arch
dams are usually of little importance and are
not considered unless horizontal cracking is
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Figure 3-2. Comparison of assumed and actual uplift pressure data on an arch dam (Yellowtail Dam in
Montana).—288-D-2958

indicated in the analysis (see sec. 4-22). When
horizontal cracking is being considered, uplift
pressures are assumed to be equal to the
reservoir head in the crack and to vary linearly
from reservoir head at the end of the crack to
tailwater pressure or zero at the downstream
face.

If uplift pressures are to be considered for an
arch dam, the following criteria apply. For
preliminary design purposes uplift pressure
distribution in concrete dams is assumed to
have an intensity at the line of drains that
exceeds the tailwater pressure by one-third the
differential between reservoir and tailwater
levels. The pressure gradient is then extended
to reservoir and tailwater levels, respectively, in
straight lines. If there is no tailwater, the
pressure diagram is zero at the downstream
face. The pressure is assumed to act over 100
percent of the area. In the final design for a
dam, the internal pressures within the
foundation rock and at the contact with the
dam will depend on the location, depth, and

spacing of drains as well as on the joints,
shears, and other geologic structures in the
rock. Internal pressures within the dam depend
on the location and spacing of the drains.
These internal hydrostatic pressures should be
determined from flow nets computed by
electric analogy analysis, three-dimensional
finite element analysis, or other comparable
means.

3-9. Dead Load.—The magnitude of dead
load is considered equal to the weight of
concrete plus appurtenances such as gates and
bridges. For preliminary design the unit weight
of concrete is assumed to be 150 pounds per
cubic foot. For final design the unit weight of
concrete should be determined by laboratory
tests,

It is assumed that shear stresses are not
transmitted across ungrouted contraction
joints. Thus, when these joints are left
ungrouted until all concrete has been placed,
dead load stresses are transferred vertically to
the foundation by cantilever action alone.
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However, contraction joints in the lower part
of the dam may be grouted before concrete
placements are completed. In this case, the
stresses due to concrete placed after a part of
the dam is grouted are transmitted partly by
vertical cantilever action and partly by
horizontal arch action through the grouted
joints,

3-10. Ice.—Existing design information on
ice pressure is inadequate and somewhat
approximate. Good analytical procedures exist
for computing ice pressures, but the accuracy
of results is dependent upon certain physical
data which must come from field and
laboratory tests [11].

Ice pressure is created by thermal expansion
of the ice and by wind drag. Pressures caused
by thermal expansion are dependent on the
temperature rise of the ice, the thickness of the
ice sheet, the coefficient of expansion, the
elastic modulus, and the strength of the ice.
Wind drag is dependent on the size and shape
of the exposed area, the roughness of the
surface, and the direction and velocity of the
wind. Ice loads are usually transitory. Not all
dams will be subjected to ice pressure, and the
designer should decide after consideration of
the above factors whether an allowance for ice
pressure is appropriate. The method of
Monfore and Taylor [12] may be used to
determine the anticipated ice pressures. An
acceptable estimate of ice load to be expected
on the face of a structure may be taken as
10,000 pounds per linear foot of contact
between the ice and the dam for an assumed
ice depth of 2 feet or more when basic data are
not available to compute pressures.

3-11. Silt.—Not all dams will be subjected to
silt pressure, and the designer should consider
all available hydrologic data before deciding
whether an allowance for silt pressure is
necessary. Horizontal silt pressure is assumed
to be equivalent to that of a fluid weighing 85
pounds per cubic foot. Vertical silt pressure is
determined as if silt were a soil having a wet
density of 120 pounds per cubic foot, the
magnitude of pressure varying directly with
depth. These values include the effects of water
within the silt.

3-12. Earthquake.—Concrete dams are
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elastic structures which may be excited to
resonance when subjected to seismic
disturbances. Two steps are necessary to obtain
loading on a concrete dam due to such a
disturbance. First, an estimate of magnitude
and location must be made of the earthquake
to which the dam will be subjected and the
resulting rock motions at the site determined.
The second step is the analysis of the response
of the dam to the earthquake by either the
response spectrum or time-history method.

Most earthquakes are caused by crustal
movements of the earth along faults. Geologic
examinations of the area should be made to
locate any faults, determine how recently they
have been active, and estimate the probable
length of fault. Seismological records should
also be studied to determine the magnitude and
location of any earthquakes recorded in the
area. Based on these geological and historical
data, hypothetical earthquakes usually of
magnitudes greater than the historical events
are estimated for any active faults in the area.
These earthquakes are considered to be the
most severe earthquakes associated with the
faults and are assumed to occur at the point on
the fault closest to the site. This defines the
Maximum Credible Earthquake and its
location in terms of Richter Magnitude M and
distance d to the causative fault.

Methods of determining a design earthquake
that represents an operating-basis event are
under development. These methods should
consider historical records to obtain frequency
of occurrence versus magnitude, useful life of
the structure, and a statistical approach to
determine probable occurrence of various
magnitude earthquakes during the life of the
structure. When future developments produce
such methods, suitable safety factors will be
included in the criteria.

The necessary parameters to be determined
at the site using attenuation methods [13] are
acceleration, predominant period, duration of
shaking, and frequency content.

Attenuation from the fault to the site is
generally included directly in the formulas used
to compute the basic data for response spectra.
A response spectrum graphically represents the
maximum response of a structure with one
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degree of freedom having a specific damping
and subjected to a particular excitation. A
response spectrum should be determined for
each magnitude-distance relationship by each
of three methods as described in appendix D of
reference [13]. The design response spectrum
of a structure at a site is the composite of the
above spectra.
Time-history
sometimes

dam are
required

of a
The

analyses
desirable.
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accelerograms may be produced by appropriate
adjustment of existing or artificially generated
accelerograms. The previously mentioned
parameters are necessary considerations in the
development of synthetic accelerograms or in
the adjustment of actual recorded
accelerograms.

The analytical methods used to compute
material frequencies, mode shapes, and
structural response are discussed in chapter IV,

E. LOADING COMBINATIONS

3-13. General.—Arch dam designs should be
based on the most severe wusual load
combination in the following list, unless special
considerations dictate otherwise. Combinations
of transitory load, each of which has only a
remote probability of occurrence at any given
time, have a negligible probability of
simultaneous occurrence and should not be
considered as a reasonable basis for design.
When large fluctuations of the water level may
be expected, the design should give an
acceptable balance of stresses for the various
applicable usual load combinations. The dam
should be designed for the appropriate
following loading combinations using the
safety factors prescribed in sections 3-18
through 3-20.

3-14. Usual Loading Combinations. —

(1) Effects of minimum usual concrete
temperature and the most probable reservoir
elevation occurring at that time, with
appropriate dead loads, tailwater, ice, and silt.

(2) Effects of maximum usual concrete
temperature and the most probable reservoir
elevation occurring at that time, with
appropriate dead loads, tailwater, and silt.

(3) Normal design reservoir elevation and
the effects of wusual concrete temperature
occurring at the time, with appropriate dead
loads, tailwater, ice, and silt.

(4) Minimum design reservoir elevation and
the effects of wusual concrete temperature
occurring at that time, with appropriate dead
loads, tailwater, ice, and silt.

3-15. Unusual and Extreme Loading
Combinations.—

(1) Unusual Loading Combination.—
Maximum design reservoir elevation and the
effects of mean concrete temperature occurring
at that time, with appropriate dead loads,
tailwater, and silt.

(2) Extreme Loading Combination.—Any of
the above Usual Loading Combinations plus
the effects of the Maximum Credible
Earthquake.

3-16. Other Studies and Investigations.—

(1) Any of the above loading combinations
plus hydrostatic pressures within the
foundation for foundation stability.

(2) Dead load.

(3) Effects of construction and grouting
sequences. Grouting of the contraction joints
in an arch dam provides continuity so the
structure acts monolithically. Grouting of
contraction joints may be performed in stages
while concrete placement is in progress. This
produces arch action in the grouted part of the
dam while none exists in the part where
construction is continuing. Water and
temperature loadings may also be present on
the grouted portion of the dam. This load
application sequence may force the lower
arches to carry more of the total load than
would otherwise be the case.

If the contraction joints in an arch dam are
grouted in stages, water level changes,
temperature changes, and effects of concrete
placement between grouting stages should be
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studied by separate stress analyses to determine
the effects of the construction and grouting
program on the stress distribution in the dam.
Stresses for all of the construction stages
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should be combined by superposition.

(4) Any other loading combination which,
in the designer’s opinion, should be analyzed
for a particular dam.

F. FACTORS OF SAFETY

3-17. General. —All design loads should be
chosen to represent as nearly as can be
determined the actual loads which will act on
the structure during operation. Methods of
determining load-resisting capacity of the dam
should be the most accurate available. All
uncertainties regarding loads or load-carrying
capacity must be resolved as far as practicable
by field or laboratory tests, thorough
exploration and inspection of the foundation,
good concrete control, and good construction
practices. On this basis, the factor of safety will
be as accurate an evaluation as possible of the
capacity of the structure to resist applied loads.
All safety factors listed are minimum values.

Dams, like other important structures,
should be frequently inspected. In particular,
where uncertainties exist regarding such factors
as loads, resisting capacity, or characteristics of
the foundation, it is expected that adequate
observations and measurements will be made of
the structural behavior of the dam and its
foundation to assure that the structure is at all
times behaving as designed.

The factors of safety for the dam are based
on analyses using the “Trial-Load Method of
Analysis” (secs. 411 through 4-47) or its
computerized version, ‘“Arch Dam Stress
Analysis System™ (secs. 4-48 through 4-54).
Although lower safety factors may be
permitted for limited local areas, overall safety
factors for the dam and the foundation (after
beneficiation) should meet the requirements
for the loading combination being analyzed.
Somewhat higher safety factors should be used
for foundation studies because of the greater
amount of uncertainty involved in assessing
foundation load resisting capacity. For other

loading combinations where the safety factors

are not specified, the designer is responsible for
the selection of safety factors consistent with

those for loading combination categories
discussed in sections 3-13 through 3-16.

3-18. Allowable Stresses.—The maximum
allowable compressive stress for concrete for
the Usual Loading Combinations should be
determined by dividing the specified
compressive strength by a safety factor of 3.0.
However, in no case should the allowable
compressive stress for the Usual Loading
Combinations exceed 1,500 pounds per square
inch. In the case of Unusual Loading
Combinations the maximum allowable
compressive stress should be determined by
dividing the specified compressive strength by a
safety factor of 2.0 and in no case should this
value exceed 2,250 pounds per square inch.
The allowable compressive stress for the
Extreme Loading Combination should be less
than the specified compressive strength.

Although concrete possesses some tensile
strength, quantitative evaluations have been
uncertain. The importance of tensile stresses
must be determined for individual cases by
considering location, magnitude, and direction
of stress; probable duration of loading which
would produce tensile stress; and the effects of
cracking on the behavior of the structure.

Whenever practical, tensile stresses should be
avoided by redesign of the structure. However,
limited amounts of tensile stress may be
permitted in localized areas at the upstream
face for the Usual Loading Combinations at the
discretion of the designer. Under no
circumstances should this tensile stress exceed
150 pounds per square inch for the Usual and
225 pounds per square inch for the Unusual
Loading Combinations. Tensile stress equal to
the tensile strength of concrete at the lift
surfaces may be permitted for localized areas
on the downstream face during construction or
for the combination of low water level and
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high temperature loading. The point of
application of the resultant dead load force
must also remain within the vertical section to
maintain stability during construction. For the
Extreme Loading Combination which includes
the Maximum Credible Earthquake, the
concrete should be assumed to crack whenever
the tensile strength is exceeded and the cracks
assumed to propagate to the point of zero
stress. The structure may be considered safe for
the Extreme Loading Combination if, after
cracking effects have been included, the
stresses are less than the specified compressive
strength of the concrete and stability of the
structure is maintained.

The maximum allowable compressive stress
in the foundation should be less than the
compressive strength of the foundation
material divided by safety factors of 4.0, 2.7,
and 1.3 for the Usual, Unusual, and Extreme
Loading Combinations, respectively.

3-19. Shear Stress and Sliding
Stability. —The maximum allowable average
shearing stress on any plane within the dam
shall be less than the shear strength divided by
the appropriate safety factor. Safety factors
shall be greater than 3.0 for Usual, 2.0 for
Unusual, and 1.0 for Extreme Loading
Combinations.

The shear-friction factor of safety, Q, as
computed using equation (3), is a measure of
the safety against sliding or shearing at the
contact of the dam and the foundation. The
shear-friction factor of safety should also be
used to check the stability of the remainder of
the partially cracked section after cracking has
been included for the Extreme Loading
Combination.

The shear-friction factor of safety, Q is the
ratio of resisting to driving forces as computed
by the expression:

g=CA+(EN+2U) tang )
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where:

C = unit cohesion,
A = area of the section considered,
TN = summation of normal forces,
Z U = summation uplift forces,
tan ¢ = coefficient of internal friction, and
T ¥V = summation of shear forces.

All parameters must be specified using
consistent units and with proper signs
according to the convention shown on figure
4-26.

Values of cohesion and internal friction
should be determined by actual tests of the
foundation materials and the concrete
proposed for use in the dam.

3-20. Foundation Stability. —Joints, shears,
and faults which form identifiable blocks of
rock are often present in the foundation.
Effects of such planes of weakness on the
stability of the foundation should be carefully
evaluated. Methods of analysis for foundation
stability under these circumstances are
discussed in section 4-75. Determination of
shear resistance for such foundation conditions
is discussed in section 3-4.

The factor of safety against sliding failure of
these foundation blocks, as determined by the
shear-friction factor, Q using equation (3),
should be greater than 4.0 for Usual Loading
Combinations, 2.7 for Unusual Loading
Combinations, and 1.3 for the Extreme
Loading Combination. If the computed safety
factor is less than required, foundation
treatment can be included to increase the
safety factor to the required value.

Treatment to accomplish specific stability
objectives such as prevention of differential
displacements (sec. 4-78) or stress
concentrations due to bridging (sec. 4-79)
should be designed to produce the safety factor
required for the loading combination being
analyzed.
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<<Chapter IV

Layout and Analysis

4-1. General.—The order in which the topics
are presented in this chapter does not
necessarily represent the sequence that would
be followed for design and analysis, but it does
represent a logical chronology of four steps
beginning with an initial design layout.

The design of a complex, highly
indeterminate structure like an arch dam must
include analysis as an integral part of the design
procedure. The designer conceives a design and
uses analytical methods to determine the stress
distributions throughout the structure. The
design is continually improved by alternately
modifying the layout and checking the results
of the analysis until the design objectives are
achieved within the allowable design criteria.
The four steps in designing a dam can be
summarized as:

(1) Layout.

(2) Analysis.

(3) Evaluation.

(4) Modification.

Subchapter A is a discussion of layout
procedures currently used by the Bureau of
Reclamation and some general discussion
concerning design philosophy. Methods used
for comprehensive stress and stability analysis
of concrete arch dams are discussed in
subchapters B through F. The trial-load
method of analysis, which was developed prior
to 1940 [1, 2],! has been expanded and
programed for an electronic computer. The
computerized version, referred to as the Arch
Dam Stress Analysis System (ADSAS), is now
used for most stress studies. The reliability of
the trial-load method has been confirmed by

! Numbers in brackets refer to items in the bibliography,

section 4-80.

extensive research measurements [3, 4, 5]. The
efficacy of the ADSAS has been demonstrated
by comparisons with structural behavior
measurements of prototypes [6, 7]. The chief
limitation of the trialload method is its
complexity and the amount of time and labor
required to make a complete analysis. With the
advent of high-speed electronic computers and
development of ADSAS, the average time
required for a static analysis has been reduced
to 15 minutes or less depending on the number
of arch and cantilever elements used.

The development and application of static
loads are included with the development of the
trial-load method of analysis. Determination of
the equivalent static loads from dynamic
loadings, such as earthquake, are discussed in
subchapter D. _

A two-dimensional finite element analysis
program is now being used to determine stress
distributions around openings and near rapid
changes in the geometry of the dam. It has also
been wuseful in the determination of the
deformation modulus for the foundation and
the need for treatment of weak zones in the
foundation and stress patterns in the fill
concrete or abutment pads. Three-dimensional
finite element computer programs are presently
under development for the analysis of arch
dams and their foundations.

Special studies made for Hoover Dam to
show the effects of abutment spreading,
foundation closing loads, strains in the canyon
floor, canyon wall tilting, stresses in the
canyon floor, and strain measurements are
included in appendix I. Structural model tests
and photoelastic analysis examples are also
shown in appendix I.

39
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4-2. Notations.—The following is a list of notations and their meanings as used in this chapter.
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Other special symbols are included with the appropriate discussion.

Dimensions and Properties

=
0

e Q ow N]'\mﬂm;:

= central angle.

unit load intensity.

extrados (upstream face) radius.

intrados (downstream face) radius.

radius of dam axis for arch computations, and distance from extrados
center to axis for cantilever computations.

distance from extrados center to downstream face.

radius or distance from extrados center to centerline.

arc length of arch centerline.

arc length.

= function for determining properties and functions of uncracked portion

of a section.
temperature change in degrees Fahrenheit, the plus sign indicating a rise
in temperature.
coefficient of thermal expansion for concrete per degree Fahrenheit.
Poisson’s ratio for foundation material.
Poisson’s ratio for concrete.
deformation modulus of foundation material.

= modulus of elasticity of concrete.
= thickness of dam element, in horizontal radial direction.

I H

short dimension of loaded foundation area, ab.

long dimension of loaded foundation area, ab. £

modulus of elasticity of concrete in shear stress = -2(1—:#—)—
[
angle which dam face makes with vertical.

= distance from upstream face to center of gravity.

area of cross section.
moment of inertia of the cross section about a circumferential line
through the center of gravity.

Forces and Deflections

ST & >3 vt*%%

= vertical force.
= bending moment.

n o un

nn

twisting moment.

tangential force (thrust) in a horizontal plane.

shear force.

unit weight (without a subscript, assumed to be unit weight of water).
vertical distance from water surface to horizontal cross section.
eccentricity of a resultant force.

water pressure.

= uplift force on horizontal section.

mon

radial deflection of centerline.
tangential deflection of centerline.
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angular movement, in horizontal planes, about centerline.

vertical deflection of centerline.

angular movement at a point due to a unit moment at the point.

angular movement at a point due to a unit thrust at the point; or, it
is the tangential deflection at a point due to a unit negative
moment at the point.

radial deflection at a point due to a unit thrust at the point; or,
it is the tangential deflection at a point due to a unit negative
shear at the point.

tangential deflection at a point due to a unit negative thrust at
the point.

angular movement at a point due to a unit shear at the point; or, it
is the radial deflection at a point due to a unit moment at the
point.

radial deflection at a point due to a unit shear at the point.

angular movement at a point due to loads between the point and the
abutment.

radial deflection at a point due to loads between the point and the
abutment.

tangential deflection at a point due to loads between the point and
the abutment.

angle from point where loading begins to any differential element of
the arch under load.

unit strain.

curvature at a cantilever point in a vertical direction; or, the
curvature at an arch point in a horizontal direction.

Abutment Constants

"

Y

Inn

angle between vertical plane and plane of foundation surface.

average rotation of foundation in a plane normal to foundation
surface, due to bending-moment load.

average deformation of foundation normal to foundation surface, due
to normal load.

average deformation of foundation in plane of foundation surface,
due to tractive or shear load.

average rotation of foundation in plane of foundation surface, due
to twisting-moment load.

average rotation of foundation in a plane normal to foundation
surface, due to tractive load.

average deformation of foundation in plane of foundation, due to
bending-moment load.

, @ , , and @ are at right angles to the directions of the

corresponding foundation deformations not designated by the
circles.

a = for cantilevers, angular movement of foundation in vertical radial

plane due to one unit of bending moment, M,, per unit length
normal to plane of cantilever; for arches, angular movement of
abutment due to unit moment at abutment.
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Stresses
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tangential movement of arch abutment due to unit thrust at
abutment.

for cantilevers, radial movement of foundation due to one unit of
radial shear force, V,, per unit length normal to plane of
cantilever; for arches, radial movement of arch abutment due
to unit shear at abutment.

tangential movement of foundation due to one unit of tangential
shear force, H,, per unit length normal to plane of
cantilever.

angular movement of foundation in horizontal plane due to one unit
of twisting moment, 3, per unit length normal to plane of
cantilever.

for cantilevers, angular movement of foundation in radial plane
due to one unit of radial shear force, V,, per unit length
normal to plane of cantilever, or radial movement of foundation
due to one unit of bending moment, M,, per unit length normal
to plane of cantilever; for arches, angular movement of arch
abutment due to unit shear at abutment; or radial movement of
arch abutment due to unit moment at abutment.

horizontal arch stress normal to a vertical radial plane.

horizontal radial stress normal to a vertical tangential plane.

vertical cantilever stress normal to a horizontal plane.

angle a horizontal line tangent to a face makes with normal to
radial arch section.

= angle first principal stress makes with the vertical axis.

= left side
= right side

crown
abutment
extrados
intrados
downstream face
rock
concrete
water
horizontal
vertical
arch
cantilever
uplift
initial
maximum
fillet
wedge
crack
voussoir
arch point
tangential

} used as prefix subscript
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N = normal

Constants

K, = foundation-abutment constants
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K, = shear detrusion ratio
K, = used in determining arch forces
at crowns
J
K
(L2 = constants for transferring D-terms
R
S

A. LAYOUT OF DAM

4-3. Current Practice. —A layout drawing for
an arch dam includes a plan, profile, and
section along the reference plane. The drawing
is made to describe the dam geometrically and
to locate the dam in the site. The necessary
data for analyzing the structure are also taken
from the layout drawing.

The primary objective in making a layout for
an arch dam at a particular site is to determine
the arches which will fit the topographic and
geologic conditions most advantageously,
provide for the installation of adequate
facilities for reservoir operation, and distribute
the load with the most economical use of
materials within allowable stress limitations.
The load distribution, and the stresses resulting
from such distribution, depend largely on the
shape of the canyon, length and height of dam,
shape and thickness of dam, and loading
conditions.

In producing a satisfactory design, the
engineer conceives and constructs a design
layout, makes a stress analysis for the design,
reviews the results to determine appropriate
changes in the design shape which will improve
the stress distributions, and draws a new design
layout incorporating the changes. The process
is repeated until a design is evolved which
meets the following criteria as nearly as
practicable:

(1) A uniformly varying distribution of
stress.

(2) A compressive stress level
throughout as nearly equal as practicable
to the defined allowable limits.

(3) A minimum volume of concrete.

It is very difficult to design an arch dam

which has compressive stresses throughout that
are near the maximum allowable and is still
economical. Therefore, a good design is usually
a compromise solution which yields a dam that
has some very low compressive stresses and
may even have limited zones of tensile stresses,
provided they are within the allowable defined
limits. Nevertheless, the three objectives of a
good design, as stated above, still represent the
goal toward which to strive.

Computer-assisted layout capabilities are
planned for development in the near future
which should expedite the layout procedure
and produce optimum designs.

4-4. Level of Design.—There are three levels
of design for which layouts are
made—appraisal, feasibility, and final. The level
of a design determines the degree of refinement
to which the design is taken. An appraisal
design is made in conjunction with field
investigations during project planning to
estimate the concrete volume required for use
in determining the feasibility of the project.
Appraisal designs may be based on previous
designs which are similar in height and shape of
profile and for which the stresses are
satisfactory. Another means of determining the
information is by using the nomographs given
in appendix A. The nomographs were
constructed from empirical formulas which
were derived by statistical analyses of several
analytical studies already completed for
previously designed dams. A formal
development is given for the nomographs and
equations in reference [38].

Feasibility designs are used in the selection
of the final location and design as a basis for a
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request for construction funds. Feasibility
designs are made in greater detail than appraisal
designs since a closer approximation to final
design is required. Analyses should be made of
the adopted structure for the usual and the
most severe loading conditions expected in
actual service. The best of the alternative
designs will have stresses distributed as
uniformly as possible within allowable limits
and will have a minimum cost.

Final designs are used to develop
specification drawings and construction
drawings. Complete analyses using ADSAS are
made for normal operating loading conditions
and dynamic loading conditions due to
earthquake ground accelerations. The
temperature distribution applied during final
design is determined using detailed analysis and
is based on finalized temperature and operating
data. The final design will be one which best
satisfies the requirements for acceptable
stresses most economically.

4-S. Required Data.—The principal data
which should be on hand before preparing a
layout are: (1) a topographic map of the
proposed location, (2) geological data from
which rock types and characteristics, depth of
overburden, and the locations of faults,
jointing, etc., can be obtained, (3) reservoir
water surface and tailwater elevations, (4)
probable sediment accrual in the reservoir, and
(5) the size and location of openings in the
dam required for spillways, outlets, etc. These
data should be supplemented by (1)
climatological records for studies of
temperature variations within the dam, and (2)
laboratory and possibly in situ tests for
determining the strength and elastic properties
of the rock and concrete.

4-6. Procedure.—A single-centered,
variable-thickness arch is assumed for the
purpose of discussion. The procedure for laying
out other types of arch dams differs only in the
way the arches are defined. The following
dimensions are parameters used in empirical
formulas to determine initial values of the axis
radius and thicknesses of the crown cantilever:
H, structural height in feet (vertical distance
from the crest of the dam to the lowest
assumed point of the foundation); L,, straight
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line distance in feet at crest elevation between
abutments excavated to assumed sound rock;
L,, straight line distance in feet between
abutments excavated to assumed sound rock
and measured at an elevation 0.15 H feet above
the base.

(a) Determination of R,.;; and Central
Angle. —The first step in making a layout is to
draw a tentative axis for the dam in plan on
transparent paper. The paper is overlaid on the
site topography and shifted about until an
optimum orientation for the axis is found; this
will be one for which the angle of incidence to
the surface contour at the crest elevation is
approximately equal on each side. The
following formula can be used as a guide to
selecting a tentative radius for the axis:

R, =0.60L,

Because empirical formulas are only a guide to
choosing R,,;,, the designer should make
appropriate adjustments in R, ., so that the
central angle of the top arch and intersection
of the axis with the topography are
satisfactory. The top arch and the axis are
discussed interchangeably because the extrados
and the axis have the same radius by definition.
The magnitude of the central angle of the top
arch is a controlling value which influences the
curvature of the entire dam. Objectionable
tensile stresses will develop in arches of
insufficient curvature, such a condition being
apt to occur in the lower elevations of a dam
having a V-shape profile. The largest central

angle practicable should be used, and
consideration given to the fact that the
bedrock topography may be inaccurately

mapped and the arch abutments may need to
be extended to points of somewhat deeper
excavation than originally planned. Owing to
limitations imposed by topographic conditions
and foundation requirements, it will be found
that, for most layouts, the largest practicable
central angle for the top arch varies between
90° and 110°.

(b) Defining the Reference Plane and Crown
Cantilever. —The next step after the axis has
been located is to define the reference plane
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and crown cantilever section. The crown
cantilever is usually located at the point of
maximum depth. The reference plane for a
single-centered dam is a vertical plane which
passes through the crown cantilever and the
R,.is center. ldeally, the reference plane
should be at the midpoint of the axis. This
seldom occurs, however, because most canyons
are not symmetrical about their low point.

After the crown cantilever and reference
plane have been located, the thickness and
shape of the crown cantilever should be
determined. Proportioning the crown cantilever
is facilitated by considering separately the top
thickness, intermediate thickness, and base
thickness (see fig. 4-1). Estimates for these
crown cantilever thicknesses may be computed
using the following empirical equations. The
equations are to be used as guides and only for
initial layouts.

Axis of dam

S
“-Intrados line
of centers

MAXIMUM SECTION
(ALONG THE REFERENCE PLANE)

==

T, = 289

PC.EI. 225
LA
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(1) Crest thickness, in feet,
Tc =001(H+1.2L,)

(2) Base thickness, in feet,

H
£
g/o.omz HL, L, <—4%{5> >

(3) Thickness at 0.45 H, in feet,

Tp =

Toasu = 0.95 TB

Nomographs from which T, and Ty can be
obtained are given in appendix A, figures A-2
and A-3, respectively. After values for
thickness have been determined, they can be
divided into upstream and downstream
projections (see sec. 1-4) according to the
following formulas:

Slope 1.50:100 "3

--Slope 1.25:1.00

-~ PC. EIl 225
i A

250#

“Extrados line

of centers

LINES OF CENTERS

Figure 4-1. Crown cantilever and lines of centers for a preliminary design.—288-D-2961
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Upstream Downstream
Thickness projection projection
At crest 0.0 Tc
At045 H 095Tg 0.0
At base 0.67Tg 0.33Tg

The crown cantilever can be constructed
after the controlling thicknesses have been
determined, as shown on figure 4-1.

(c) Laying Out the Arches.—The next step is
to draw the arches in plan at convenient
elevations for the stress analysis. Usually 5 to
10 arch elevations are selected such that the
entire dam is represented by a system of
horizontal elements evenly spaced over the
height of the structure. Usually the intervals
are not greater than 100 feet nor less than 20
feet. The radius centers defining the intrados

Roxis Center:

Elevation 325?" N ‘

I250

00¢

,--Downstreom concrete - rock
contoct line

00I H
o
o

‘f Reference:

planef"“:
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and extrados for each arch elevation are
plotted along the reference plane of the dam.
The locations of the radius centers are a
function of the canyon width at the particular
arch elevation, the required rise for the arch,
and the abutment thickness. The radius centers
are determined by selecting trial positions until
a location is found which defines the desired
arch shape. To ensure that the dam is smooth in
both the horizontal and vertical directions, the
arch radii centers must lie along the reference
plane in plan and be connected by smooth,
continuous curves in elevation, called lines of
centers. Slight adjustments in the trial locations
of the arch radii centers are usually necessary
as a result. Figures 4-1 and 4-2 show examples
of how the arch radii centers are defined. The
plan is completed by drawing in the arch

NOTES

OE 250 = Center of extrodos rodius
at etevation 250

O1 250 = Center of intrados rodius
at elevotion 250

E 250

$ E 200

0o¢
0s¢

\""Upsfream concrete - rock
confoct line

Figure 4-2. Plan for a preliminary design of a singlecentered arch in a nearly symmetrical
canyon.—-288-D-2962
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abutment contacts and the perimetrical contact
of the dam and foundation as shown on figure
4-2. The perimetrical contact should be smooth
and continuous. This may also require
adjustments in the radius centers.

The final step in constructing a layout is to
draw a profile of the dam developed along the
axis. Surface irregularities such as ridges,
depressions, or undulation in the profile will be
revealed. Pronounced anomalies should be
removed by reshaping the affected arches until
a smooth profile is obtained. Smoothness may
be thought of as a continuous uniformly
varying change in slope along the excavated
surface.

4-7. Factors to be Considered in the
Layout —All factors affecting the Ilayout
should be considered in designing a dam. These
will include:

(a) Length-Height Ratio.—The length-height
ratios of dams may be used as a basis for
comparison of proposed designs with existing
designs. Such comparisons should be made in
conjunction with the relative effects of other
controlling factors such as central angle, shape
of profile, and type of layout. The
length-height ratio also gives a rough indication
of the economic limit of an arch dam as
compared with a dam of gravity design.
Generally, the economic limit of an arch dam
occurs for a maximum length-height ratio

between 4 to 1 and 6 to 1, depending:

somewhat on the height of dam and local
conditions. Even if the length-height ratio for
an arch dam falls within the economic range,
the combined cost of dam and spillway may be
such that another type of dam would be more
economical.

(b) Symmetry. —Although not an absolute
necessity, a symmetrical or nearly symmetrical
profile is desirable from the standpoint of
stress distribution. A region of stress
concentration is likely to exist in an arch dam
having a nonsymmetrical profile, a condition
tending toward an uneconomical section
compared with that of a symmetrical dam. In
some cases improvements of a nonsymmetrical
layout by one or a combination of the
following methods may be warranted: by
excavating deeper in appropriate places, by
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constructing an artificial abutment, or by
reorienting and/or relocating the dam.
When a nonsymmetrical canyon is

encountered such that a single-centered arch
cannot be satisfactorily fitted to the site, a
two-centered scheme can usually be used to
define the dam. This type of layout is
constructed by using two separate pairs of lines
of centers, one for each side of the dam. In
order to maintain continuity, however, each
pair of lines must lie along the reference plane.
In some cases the axis radius (R,,;;) may be
different on each side, and the arches may be
uniform or variable in thickness. Figure 4-3 is
an example of a two-centered arch.

(c) Canyon Shape.—In dams constructed in
U-shaped canyons, the lower arches have chord
lengths nearly as long as those near the top. In
such cases, use of a variable-thickness arch
layout will normally give a relatively uniform
stress distribution. Undercutting on the
upstream face may be desirable to eliminate
areas of tensile stress at the bases of cantilevers.

In dams having narrow V-shape profiles, the
lower arches are relatively short, and the
greater portion of the load is carried by arch
action. From the standpoint of avoiding
excessive tensile stresses in the arch, a type of
layout should be used which will provide as
much curvature as possible in the arches. This
may be accomplished by using
variable-thickness arches with a variation in
location of centers to produce greater
curvature in the lower arches. Figure 4-4 shows
an example of a two-centered
variable-thickness arch dam for a
nonsymmetrical site.

Assuming for comparison that factors such
as central angle, height of dam, and shape of
profile are equal, the arches of dams designed
for wider canyons would be more flexible in
relation to cantilever stiffness than those of
dams in narrow canyons, and a proportionately
larger part of the load would be carried by
cantilever action. In dams for wide canyons in
which there is a tendency for cantilever stresses
to be greater than arch stresses, it is desirable
to obtain the maximum possible advantage
from dead weight by using a crown section
having both faces curved, with undercutting at
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Figure 4-3. Two-centered arch dam with uniform-thickness arches.—288-D-2963

the base of the upstream face and an overhang
at the top of the downstream face. The layout
would normally be a variable-thickness or
polycentered-type arch.

(d) Arch Shapes.—In most cases,
uniform-thickness arches may be used in the
upper part of the dam since the thinner, longer
arches are more flexible and do not carry as
much of the load as those in the lower portion
of the dam. The need for additional thickness
at the abutments will vary with each layout,
but extra thickness is normally not required in
the upper few arches.

In the most efficient and economical design,
the stresses approach uniform values close to
the established allowable limits.
Variable-thickness arches will have a more
uniform stress distribution than arches with
fillets, since the thickness varies gradually

without any change in curvature. Varying the
thickness of the arches also results in adequate
thickness for those cantilevers with bases near
the midheight of the dam. The angle of
intersection of the intrados and a line generally
parallel with the corresponding surface contour
should be not less than 30° to ensure stability
of the arch abutments. If the angle of
intersection is less than 30°, a special study
should be made to evaluate the abutment
stability.

When uniform-thickness arches are used and
abutment thickening is desirable, short-radius
fillets may be added to the downstream face.
The length of radii used at one side need not be
equal to that used at the other side. The fillet
centers at each side of the dam should fall on
smooth curves in plan, to avoid irregularly
warped surfaces. The locus of points of
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tangency between the intrados of the arches
and the fillets at each side of the dam, called
the trace of beginning of fillets, also requires a
smooth curve.

Fillet radii should have enough length to
ensure that the resultants of arch forces are
directed safely into the abutment rock, and
that curvatures at the downstream face of both
the arch and cantilever elements are not so
great as to produce excessive stresses parallel
with the face of the dam. For this reason, the
angle of intersection between fillet and arch
abutment should be greater than 45°. Fillets
should be laid out, as a general rule, so that the
traces of beginning of fillets will intersect the
top arch at its abutment and intersect

approximately the three-fourths points of the
arches in the region of greatest arch abutment
stresses, that is, at about -one-half to
three-fourths of the height of the dam above
the base. Figure 4-5 shows an example of
short-radius fillets used with arches of uniform
thickness.

Three-centered or elliptical arches can be
used advantageously in wide U- or V-shaped
canyons. Elliptical arches have the inherent
characteristic of conforming more nearly to the
line of thrust for wide sites than do circular
arches. Consequently, the concrete is stressed
more uniformly throughout its thickness.
Because of the smaller influences from
moments, elliptical arches require little if any
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variable thickness. The direct benefit is less
required volume and consequently increased
economy. Figure 4-6 shows a typical
three-centered arch.

(e) Arch Abutments.—Care must be taken
to make sure that the arch abutments are well
keyed into sound rock, and that there is
sufficient rock mass to withstand the applied
loads. The directions of joint systems in the
rock should be given careful consideration in
making the layout, to ensure stable abutments
under all conditions of loading.

Full-radial arch abutments (normal to the
axis) are advantageous for good bearing against
the rock, but where excessive excavation at the
extrados would result from the wuse of
full-radial abutments, and the rock has the
required strength and stability, the abutments
may be reduced to half-radial as shown on
figure 4-7(a). Where excessive excavation at the
intrados would result from the use of full-radial
abutments, greater than radial abutments may
be used as shown on figure 4-7(b). In such
cases, shearing resistance should be carefully

investigated. Where full-radial arch abutments
cannot be used and excessive excavation would
result from the use of either of the two shapes
mentioned, special studies may be made for
determining the possible use of other shapes
having a minimum of excavation. These special
studies would determine to what extent the
arch abutment could vary from the full-radial
and still fulfill all requirements for stability and
stress distribution.

Artificial abutments such as pads or thrust
blocks may be desirable in many layouts to
provide symmetry of profile, as previously
mentioned, or to reduce the span of the arches
toward the top of the dam. Where
topographical conditions are favorable, a thrust
block may sometimes be utilized
advantageously to provide an overflow section
for a spillway. Thrust blocks must be designed
to transfer all applied loads into the rock

adequately. Resultant forces should be
considered in the analysis, because their
magnitude and direction represent the

combined effects of all the applied forces.
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() Spillway Through Arch.—Only those
aspects of spillway design which influence the
design of the dam will be considered here. In
the event an overflow type of spillway is to be
used, no arch action is considered to take place
above the crest elevation of the spillway. The
upper portion of the dam must be designed,
therefore, to withstand the gravity effects of
the loading imposed above the crest by water
pressure, concrete mass, piers, bridge, gates,
and gate operating mechanisms.

(g) Freeboard. —Current practice in the
Bureau of Reclamation is to allow the
maximum water surface to equal the elevation
of the top of the nonoverflow dam and depend
on the standard height (3.5-foot) solid parapet
to act as freeboard. Exceptional cases may
point to the need for more freeboard
depending on the anticipated wave heights.

(h) Corbeling. —Specified widths for
roadways, walks, curbs, and parapets often
require a greater thickness at the top of a dam
than is necessary for satisfactory arch and
cantilever stresses. In lieu of thickening the
dam, corbeling of the walkway and parapet
along the extrados or intrados of the top arch
may be used to provide the required additional
width. Wide corbeling along the upstream face
is not recommended in climates where forces
caused by ice might be excessive.

4-8. Analyses.—The dam, as defined by the
layout, is analyzed for stresses and deflections
due to the applied loads. Stress analyses are
made using methods discussed in subchapters
B, C, D, and E.

4-9. Evaluation of Analyses.—The results of
an analysis serve two purposes. The designer
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can evaluate the adequacy of the design, and if
improvement is required, the designer can
utilize the analysis to ascertain the appropriate
modifications to be made.

Evaluation requires a thorough examination
of all the analytical output. The following
represents the type of information to be
reviewed: crown cantilever description;
intrados and extrados lines of centers;
geometrical statistics; dead load stresses and
stability of blocks during construction; radial,
tangential, and angular deflections; loading
distributions; arch and cantilever stresses; and
principal stresses. If any aspect of the design is
either incorrect or does not comply with
established criteria, modifications must be
made to improve the design.

4-10. Modifications to the Layout.—The
primary means of effecting changes in the
behavior of the dam is by adjusting the shape
of the structure. Whenever the overall stress
level in the structure is below the allowable
limits,concrete volume can be reduced, thereby
utilizing the remaining concrete more
efficiently and improving the economy.
Following are some examples of how a design
can be improved by shaping:

(1) When cantilevers are too severely
undercut, they are unstable and tend to
overturn upstream during construction.
The cantilevers must then be shaped to
redistribute the dead weight such that the
sections are stable.

(2) If an arch exhibits tensile stress on
the downstream face at the crown, one
alternative would be to reduce the arch
thickness by cutting concrete from the
downstream face at the crown while
maintaining the same intrados contact at
the abutment. Another possibility would
be to stiffen the crown area of the arch by
increasing the horizontal curvature which
increases the rise of the arch.

(3) Load distribution and deflection
patterns should vary smoothly from point
to point. Often when an irregular pattern
occurs, it is necessary to cause load to be
shifted from the vertical cantilever
elements to the horizontal arches. Such a
transfer can be effected by changing the
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stiffness of the cantilever relative to the
arch.

Shaping is the key to producing a complete
and balanced arch dam design. The task of the
designer is to determine where and to what
degree the shape should be adjusted. Figure 4-8
has been included to help the designer
determine appropriate changes in the structural
shape. If an unsatisfactory stress condition
exists, the forces causing those stresses and the
direction in which they act can be determined
from figure 4-8. For example, the equations of
stress indicate which forces combine to
produce a particular stress. Knowing the force
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involved and its algebraic sign, it is possible to
determine its direction from the sign
convention shown on the figure. With that
information the proper adjustment in shape
can be made so that the forces act to produce
the desired stresses.

There are two fundamental principles to
follow in the design of an arch dam. The first is
to keep the design simple and ensure that all
surfaces vary smoothly without abrupt changes
in direction. The second is to remember the
structure is a continuum, and therefore the
behavior of the entire dam must be considered
whenever any change in shape is contemplated.

B. TRIAL-LOAD METHOD OF ANALYSIS

4-11. Introduction. -The trial-load method
is based on the assumption that the waterload
is divided between arch and cantilever
elements; that the division may or may not be
constant from abutment to abutment for each
horizontal element; and that the true division
of load is the one which causes equal arch and
cantilever deflections at all points in all arches
and cantilevers instead of at the crown
cantilever only. Furthermore, the method
assumes that the distribution of load must be
such as to cause equal arch and cantilever
deflections in all directions; that is, in
tangential and rotational directions as well as in
radial directions. To accomplish the preceding
agreement, it is necessary to introduce internal,
self-balancing trial-load patterns on the arches
and cantilevers.

4-12. Types of Trial-Load Analyses.—Trial-
load analyses may be classified according to
their relative accuracy and corresponding
complexity. Progressing from the simplest to
the most comprehensive, these analyses are
called crown-cantilever analysjs, radial
deflection analysis, and complete trial-load
analysis.

A crown-cantilever analysis consists of an
adjustment of radial deflections at the crown
cantilever with the corresponding deflections at
the crowns of the arches. This type of analysis
assumes a uniform distribution of radial load

from the crowns of the arches to their
abutments, and neglects the effect of tangential
shear and twist. While the results obtained
from this analysis are rather crude, it has the
advantage of requiring a very short time to
complete. When used with judgment it is a very
effective tool for appraisal studies.

A radial deflection analysis is one in which
radial deflection agreement is obtained at arch
quarter points with several representative
cantilevers by an adjustment of radial loads
between these structural elements. With the use
of this type of analysis, loads may be varied
between the crowns and abutments of arches,
thus producing a more realistic distribution of
load in the dam. The effects of nonsymmetry
may also be included in this analysis. The time
required to complete a radial deflection
analysis is only slightly greater than that
necessary for a crown-cantilever analysis. Since
the effects of tangential shear and twist are
neglected in this analysis, the results are not
complete, but do furnish a much better
estimate of the stresses than is possible from a
crown adjustment. A radial deflection analysis
may be used for a feasibility study.

With the complete trial-load analysis,
agreement of three linear and three angular
displacements is obtained by properly dividing
the radial, tangential, and twist loads between
the arch and cantilever elements. The accuracy
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of this analysis is limited only by the exactness
of the basic assumptions, the number of
horizontal and vertical elements chosen, and
the magnitude of error permitted in the slope
and deflection adjustments. A complete
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trial-load analysis should be made for a
specifications design.

To illustrate and compare the three types of
analyses, results of each are shown for the

specifications design of Yellowtail Dam.

Table 4-1.—Crown-cantilever analysis.

Arch and Cantilever Stresses Normal to Extrados Radius

Arch Crown
Elevation Abutment Crown cantilever
Ext. Int. Ext. Int. uUs DS
3660 +342 + 703 +619 +424 0 0
3600 +319 + 901 +769 +443 +127 - 29
3550 +263 + 977 +828 +415 +209 - 37
3500 +153 +1,059 +933 +369 +247 0
3450 + 33 +1,037 +983 +278 +262 + 61
3400 -~ 55 + 968 +973 +171 +256 +143
3350 -104 + 867 +907 + 74 +226 +245
3300 -112 + 718 +771 + 3 +164 +375
3250 ~ 175 + 555 +606 - 10 + 66 +535
3200 -~ 26 + 457 +467 + 45 - 58 +718
3140 - - - - -217 +947
Table 4-2.—Radial deflection analysis.
(a) Arch Stresses Parallel to Faces
Abutment 3/4 1/2 1/4 Crown
Elevation Ext. Int. Ext. Int. Ext. Int. Ext. Int. Ext, Int,
3660 +440 +469 +339 +571 +431 +478 +534 +375 + 638 +270
3600 +491 +566 +337 +723 +468 +589 +691 +363 + 808 +243
3550 +542 +488 +245 +799 +403 +642 +745 +294 + 915 +121
3500 +358 +748 +278 +874 +570 +607 +854 +335 + 972 +221
3450 +174 +845 +226 +870 +560 +592 +897 +290 +1,026 +173
3400 - 5 +894 +213 +750 +527 +502 +836 +242 + 967 +129
3350 -~ 87 +871 +192 +645 +485 +412 +754 +192 + 871 + 94
3300 - 97 +757 +124 +566 +405 +323 + 61 +102 + 768 + 10
3250 - 65 +614 - — +337 +239 - - + 611 0
3200 - 25 +540 - — +297 +224 - - + 491 + 50
(b) Cantilever Stresses Parallel to Faces
A B C D E F Crown
Elevation US | DS Us | DS UsS | DS US | DS US | DS US | DS US | DS
3600 +177|-67 +163|- 52 +151{— 42 +142|- 34 +131}- 26 +128|- 24 +132l—- 29
3550 +2221--57 +207|- 36 +195|— 22 +189{— 14 +183|- 7 +187{— 10 +197]- 20
3500 -] - +196)+ 34 +191) + 45 +191|+ 50 +197 |+ 49 +209)+ 40 +227 + 24
3450 - | - +1541+139 +162} +139 +176(+130 +197+119 +213| +111 +237 + 89
3400 -] - - - +128] +245 +152(+222 +187(+198 +204} +194 +228 + 175
3350 - | - — - +111]+329 +131(+311 +165[+289 +175|+298 +199 + 280
3300 - | = - - — — +118|+394 +125|+402 +117| +431 +138 + 418
3250 - | - — - - - +101}+480 + 70]+532 +732}+593 + 43+ 590
3200 - | - - - - - -~ - + 8|+678 — 70| +777 - 77+ 791
3180 - | - - - - - ~ - — 324753 - - - -
3150 -~ | - — - - - -~ - - - —17514961 - -
3140 - | - — - — - -~ - — - - - —226f +1,045




56 DESIGN OF ARCH DAMS
Table 4-3.—Complete trial-load analysis.
(a) Arch Stresses Parallel to Faces
Abutment 3/4 1/2 Crown
Elevation Ext. Int. Ext. Int. Ext. Int. Ext. Int. Ext. Int.
3620 + 45 +412 +288 +363 +369 +391 +476 +329 +541 +278
3560 +151 +466 +264 +524 +456 +463 +608 +393 +658 +368
3500 +163 +646 +300 +640 +563 +520 +760 +441 +840 +405
3440 +201 +667 +258 +683 +503 +532 +760 +367 +879 +287
3380 + 90 +678 +259 +571 +485 +441 +693 +324 +789 +261
3320 + 68 +565 +214 +464 +395 +346 +567 +232 +643 +175
3260 + 15 +461 +221 +341 +369 +264 +476 +211 +524 +178
3200 +162 +369 +242 +295 +324 +223 +390 +167 +416 +145
(b) Cantilever Stresses Parallel to Faces
A B C D E F Crown
Elevation US | DS US | DS US | DS US | DS US | DS US | DS US | DS
3620 + 33|+ 38 + 301+ 41 + 27|+ 44 + 23|+ 48 + 191+ 52 + 16|+ 54 + 15|+ 55
3560 + 91+ 66 + 851+ 73 + 80+ 79 + 73|+ 89 + 59(+104 + 52|+113 + 49(+115
3500 +]119}+117 +116|+126 +112(+131 +107|+139 + 88|+165 + 68|+189 + 60|+198
3440 - — +117(+214 +120+214 +126+208 +118(+223 + 8314268 + 65(+291
3380 - - - - +125|+320 +143{+291 +164 |+268 +127[+317 + 98|+354
3320 - - - - - - +158|+380 +192{+330 +158({+373 +123{+418
3260 - - - - - - +165]+483 +1821+437 +143|+475 +109(+515
3200 - - - - - — - — +137{+594 + 80(+626 + 52{+657
3175 - - - - — — - - +112(+667 - - - -
3145 - - - - - - - - - - - 2(+801 - -
3140 N - - S S ~ - - - — 38| +834

All stresses are in p.s.i.
Ext. = extrados

Int. = intrados

US = upstream face

1. Theory of the Trial-Load Method

4-13. General. -A comparatively elaborate
analysis is required if a dependable estimate of
stress distribution in an arch dam is to be
obtained, because of the redundant nature of
this type of structure. The requirements for a
correct solution of the stress problem may be
inferred from the Kirchhoff uniqueness
theorem [8] in the theory of elasticity. The
implied requirements are the following:

(1) The elastic properties of the body
must be completely expressible in terms
of two constants: Young’s modulus and
Poisson’s ratio.

(2) If the volume of the body in the
unstressed state is divided into small
elements by passing through it a series of

DS = downstream face
+ indicates compression
— indicates tension

intersecting planes or surfaces, each of the
elements so formed must be in
equilibrium under the forces and stresses
which act upon it.

(3) Each of the elements described
above must deform in such a way as the
body passes into the stressed state that it
will continue to fit with its neighbors on
all sides.

(4) The stresses or displacements at the
boundaries of the body must conform to
the stresses or displacements imposed.

Under these conditions Kirchhoff proved
that it is impossible for more than one stress
system to exist. It follows, therefore, that if
the actual structure conforms to requirement
(1), and a stress system is obtained which
meets requirements (2), (3), and (4), this stress
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system is the one which must exist in the
structure under the assumed conditions. A
stress system meeting the above requirements
may be obtained by the ftrial-load method
worked out by Bureau of Reclamation
engineers. Before proceeding with a description
of this method, however, it will be profitable
to give some additional consideration to
requirements (1) to (4).

It is well known that concrete subjected to a
sustained loading will flow, and it is therefore a
fair question whether concrete meets the first
requirement. The results of flow tests are
erratic, but on the average seem to indicate
that the flow rate is proportional to the stress.
If this conclusion may be accepted, the linear
relation between stress and strain remains and
the theorem retains its validity. This is true
whether Poisson’s ratio is the same for the
elastic and flow strains or not, so long as it is
proportional to the direct strain in each case.

The conditions expressed in requirements
(2) and (3) are usually called the equilibrium
and continuity conditions, respectively, while
those expressed in requirement (4) are
customarily spoken of as the boundary
conditions since these are conditions which
must be met at the boundaries of the body. In
an arch dam the stress distribution to meet this
requirement must conform to the water
pressure at the upstream face, and show the
stress to be zero on the downstream face. At
the surface of contact between the dam and
the abutment, the displacements of the dam
and the abutment must agree. The necessity of
meeting the equilibrium and boundary
conditions should be self-evident, but these
requirements alone are not enough to
determine a unique solution since there exist a
multitude of stress systems which will meet
them. Several such systems for a special case
will, in fact, usually be obtained in the course
of a trial-load analysis. The result of imposing
the continuity condition is, therefore, to select
from the multitude of statically possible cases
that one which must exist. For a dam built of
material fulfilling the first requirement, the
equilibrium, continuity, and boundary
conditions are both necessary and sufficient. If
the stress distribution does not satisfy all three,

57

it is incorrect; if it satisfies all three, it is
correct. If an attempt is made to impose
additional conditions, no solution can be
found.

It should also be mentioned that Kirchhoff’s
proof is valid only if the displacements are so
small that the changes of stress due to the
changes in the shape of the structure are
insignificant. This is almost invariably true in
the case of arch dams. If the dam were made
thin enough to violate this requirement it
would be in danger of failure due to elastic
buckling, but the allowable stress-carrying
capacity of concrete will generally dictate
thicknesses which will be amply safe against
this type of failure.

4-14. Trial-Load Procedure.—The dam to be
analyzed may be represented by contours
drawn on a contour map of the site. The dam
may be assumed to be divided into a series of
horizontal arch and vertical cantilever
elements. An arch element is a portion of a
dam bounded by two horizontal planes 1 foot
apart. For purposes of analysis the edges of the
elements are assumed to be vertical A
cantilever element is that portion of a dam
which is contained within two vertical planes
radial to the extrados and spaced 1 foot apart
at the axis. Cantilevers of arch dams other than
the constant-center type are bounded by
warped surfaces because the locations of arch
extrados centers vary with the elevations of the
arches. The totality of the arch elements so
defined contains the entire volume of the dam
and this is the case also with the cantilever
elements. Only a limited number of
representative elements are used in the
computation. An arch element is shown in (c)
of figure 4-9, and cantilever elements in (b) and
(g). A representative set of arch and cantilever
elements is shown in (a). The dimensions of the
representative elements may be readily
obtained from the contour representation
previously described.

The analysis will be facilitated by
introducing the assumption of linear stress
distribution as a temporary expedient. This will
permit calculation of stresses and deflections
by means of the usual arch and beam formulas.
Suppose, as a first approximation, that the
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entire waterload has been placed upon the arch
elements and the deflections of the
representative arches calculated. These
computations will, in general, show that the
element of arch volume A4 shown in (a) of
figure 4-9 and also in (c¢), (d), (e), (f), (g), and
(h) of the same figure, has been deflected
downstream and toward the abutment and has,
in addition, been turned about a vertical axis.
A review of this result in the light of
Kirchhoff’s requirements will show that the
equilibrium and boundary conditions have
been met, but that the continuity condition
has been violated since no load has been
assigned to the cantilever to bend and twist it
to a shape which will conform to that of the
deflected dam, as arrived at from the arch
computations. It will be found necessary to

Note: Symbols © and & in (d) repre-
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transfer a part of the load to the cantilevers
before the position of the element A, as
obtained from the arch and -cantilever
computations, can be made the same. Although
these loading conditions are discussed
separately, in actual practice they are applied
simultaneously.

The movement which can occur when force
is applied to a dam is described by three linear
directions and three rotational directions.
These are radial, tangential, and vertical linear
directions, and rotation in horizontal, vertical
radial, and vertical tangential planes. Four of
these movements are considered in the
trial-load method of analysis. Because their
effects on stresses are minor, vertical
deflections and rotations in vertical tangential
planes are not usually considered.

4-15. Radial Adjustment.—1t will be found
advisable to begin the adjustments by making a
transfer of load which will bring the deflections
of the arch and cantilever elements into
agreement in the upstream-downstream
direction. Horizontal deflections parallel to the
extrados radii and normal thereto will be called
the radial and tangential deflections,
respectively. In this terminology it is the radial
deflections which are now to be brought into
agreement, and it is in this sense that the
adjustment is the radial adjustment. The type
of loads required may be explained by
reference to (d) and (e) of figure 4-9, which
show the element A as viewed from the
downstream side of the dam. Loads may be
applied to the cantilever by introducing
shearing forces on the cantilever cross sections,
such as indicated by the receding and
approaching shear-force vectors at the top and
bottom of the element shown in (d). If these
differ, a net force will exist, tending to move
the element in the upstream or downstream
direction, which will require the introduction
of shear forces on the arch sections having an
equal difference. These shear forces are shown
at the sides of the element in (d). It is true that
shear forces of the latter type already were
present in the arch because of the assumed
application of the waterload thereto. These
shear forces are assumed to remain, and the
shear forces under consideration are to be



LAYOUT AND ANALYSIS—Sec. 4-16

added algebraically. By this arrangement
equilibrium in the radial direction has been
maintained, but the shear forces applied exert
couples on the element A. These are to be
balanced by differences between bending
moments applied to the sides of the element, as
shown by the right-hand vectors parallel to the
sides of the element in (e). For those who may
be unfamiliar with the vector representation of
moments, it is essential to explain that a
right-hand vector represents a rotation in the
sense that a right-handed screw would turn if it
advanced in the direction indicated by the
vector. In (e), the vectors represent moments
applied to the faces of the element 4. Thus,
equilibrium against rotation is secured. The net
result of the addition of these forces is to
transfer load from the arch elements to the
cantilever elements without altering the total
load applied to the dam. Such loads are termed
self-balancing. The amounts to be applied must
be found by trial, which accounts for the
designation of the process as the trial-load
method.

When a set of self-balancing radial loads has
been chosen, bending moments in the arch and
cantilever elements and the deflections due to
them are computed. A comparison of radial
deflections can now be made. If the
self-balancing loads have been skillfully chosen,
the radial deflection of the arch elements will
have been reduced and the cantilever elements
will have acquired radial deflections
approximately equal to those of the arch
elements at corresponding points. If the
agreement is unsatisfactory the self-balancing
loads must be modified and the process
repeated. It is of interest to note that the
bending of the cantilever element has produced
a rotation of the element A about a horizontal
axis, as shown in (g) of figure 4-9. The arch
computation indicates no rotation, and the
position of the element as arrived at from the
arch computation is shown in that sketch.

4-16. Tangential Adjustment.—The defect
of the tangential displacements shown in (c) of
figure 49 may now be eliminated. This is
accomplished in a manner very similar to that
previously described for the radial
displacements, by introducing a set of
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self-balancing tangential loads of the type
shown in (f) of figure 4-9. The vectors shown
in (f) represent forces, and equilibrium is
obtained by balancing the difference between
the tangential shear forces at the top and
bottom of the element A4 against a
corresponding difference between the arch
thrusts applied to the sides. In a similar
fashion, a difference between the vertically
directed shear forces on the sides of the
element is balanced against a difference in the
thrusts applied to the top and bottom faces.
Equilibrium of rotation about a radial line will
require approximate equality between the
shear forces applied to the vertical and
horizontal faces of the element. A small
inequality may exist, due to the action of twist
on the converging sides of the element. This
effect will be considered in connection with
the twist adjustment. The shear forces are
assumed to be equal for the purpose of making
the tangential adjustment, and a correction is
introduced later, if necessary.

The self-balancing tangential-shear loads
produce bending in the arch and cantilever
elements and a tangential deflection of the
cantilever elements due to shearing
deformation. Radial, tangential, and rotational
displacements about a vertical axis are
produced in the arch elements, due to the
bending moments introduced. It is customary
to compute the tangential displacements of the
cantilever upon the assumption that top and
bottom faces of the element A remain parallel
to their original position. A certain unknown
amount of error is introduced by using this
assumption, the effect of which does not
appear to be large.

4-17. Twist Adjustment.—After the arch
and cantilever deflections have been brought
into radial and tangential agreement, there will
still be present an angular defect, the nature of
which is shown in (c) and (g) of figure 4-9. In
the twist adjustment, twist loads are applied to
the arches and cantilever to rotate them into
angular agreement. The twist loads must be
applied in such a way as to eliminate
simultaneously the defects of rotations about
the vertical and horizontal axes. The
self-balancing twist loads may be described by
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reference to (e) of figure 4-9. The difference in
the twisting moments applied to the top and
bottom of the element is held in equilibrium
by an equal difference introduced between the
bending moments applied to the sides, and
similarly, the difference between the twist
moments applied to the sides of the element is
balanced by a corresponding difference
introduced between the bending moments
applied to the top and bottom. The twisting
moments cause shear stresses to be set up in
the vertical and horizontal faces of the block,
and since the shear stresses on planes at right
angles must be equal, it follows that the
twisting moments applied per unit of height
and per unit of length, measured along the
centerline of the arch element, must be equal.

The simultaneous elimination of the rotation
defects about the vertical and horizontal axes
with one set of loads would at first glance
appear to be impossible, but Westergaard has
pointed out that the desired result may be
obtained if the twists are adjusted in one
direction only, provided radial adjustment is
maintained during the process. This conclusion
may be arrived at from the following
considerations. The cross derivatives obtained
by differentiating the radial component of
displacement, first with respect to length
measured vertically, and second with respect to
length measured horizontally along the arch
centerline, represents the twist of the arch
element, whereas the differentiations
performed in the reverse order represent the
twist of the cantilever element. Now, the cross
derivatives of a continuous surface must be
equal if they exist at all, and thus must ensure
equality of the twists and compatibility of the
rotations if the deflected surfaces, as obtained
from the arch and cantilever computations, are
the same; that is, if radial adjustment is
obtained. It is customary to adjust the twists of
the cantilevers to the arch rotations, or, in
other words, to adjust the rotations about the
vertical axes. As in the previous work,
agreement is obtained by trial.

As has been previously mentioned, the
twisting moments exert an influence on the
magnitudes of the tangential shears. If the
vectors in sketch (1) of figure 4-9(h) are
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assumed to represent twisting moments applied
to the side of the element A according to the
right-hand convention, it will be apparent that
their sum taken vectorially will represent a
small vector tending to turn the element about
an axis lying in the radial direction. This
tendency to turn is resisted by shearing forces
of the type shown in (f) of figure 4-9, but
having one pair reversed so that the resisting
couples add. In this way a small difference in
the tangential shear forces shown in (f) is
introduced. It has not been found necessary to
take this difference into account when making
the trial-load analysis.

4-18. Radial, Tangential, and Twist
Readjustments. —In each of the adjustments
described above, the work was carried out
without regard to the effect of the added loads
on the previous adjustments. Such a procedure
depends for its success on making the
adjustments in the order of their structural
importance. The order described above has
been successful in actual use. Even with the
most favorable possible order, however, the
loads applied for each succeeding adjustment
will impair, to some extent, the adjustments
previously obtained. The readjustments are
made for the purpose of rectifying the errors
thus introduced. They are made in the same
way as described for the adjustments and in the
same order, but in the readjustments the
deflections due to all the loads previously
applied are included. The process described is
rapidly convergent and it is seldom that more
than a second set of readjustments need be
made.

Up to this time no mention has been made
of the effect of Poisson’s ratio. The changes of
shape produced in the element A4 through
lateral expansion are shown on figure 4-9(h).
The change of shape produced by thrust in the
arch is shown on sketch (1) of that figure. The
effects of bending moments in the arch and
cantilever are shown in sketches (2) and (3),
and the effect of water pressure on the
upstream face is shown in sketch (4). The
influence of Poisson’s ratio is most easily taken
care of by computing the deflections due to
the lateral strains and introducing them into
the readjustments. These computations are
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based on the results of the adjustments
previously made.

The movement of the element A can be
completely described in terms of deflections in
the radial, tangential, and vertical directions,
and rotations about axes in these three
directions. The following tabulation shows the
adjustments which take care of the several
components of displacement and rotation,
both for an analysis as complete as can be
made without discarding the assumption of
linear stress distribution and for an analysis as
above described and customarily performed.

Deflection
Analysis Radial Tangential Vertical
Complete Radial Tangential Tangential
As described Radial Tangential *0

*This effect may be included as described in section 4-43.

Rotation about

Analysis Radius Tangent Vertical
Complete Tangential Twist Twist
As described 0 Twist Twist

It will be noted that one of the deflections
and one of the rotations are customarily
assumed to be zero because the effects are
minor.

Assuming that a complete analysis, as shown
in the above table, has been made, the
requirements implied in the Kirchhoff
uniqueness theorem have been met as well as is
possible so long as the assumption of linear
stress distribution is retained; and tests of
models have demonstrated the essential
adequacy of such an analysis for a thin dam.
What has actually been done is to restore the
continuity of the element A at the midsurface
of the dam. Though continuity has thus been
restored at the middle of the element,
continuity may not be obtained at the
upstream and downstream faces due to the
tendency of the element A to grow S-shaped as
a result of the elastic deformations. This
tendency gives rise to nonlinear stress
distributions and becomes stronger as the dams
become relatively thicker.

4-19. Abutment Deformations.—Formulas
for the deformation of abutments can be
obtained by making use of the solution of
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Bousinnesq and Cerruti in the theory of
elasticity. Such formulas may be found in a
treatise entitled, “Uber die Berechnung der
Fundament Deformationen,’by Dr. Frederick
Vogt of Oslo, Norway. The abutment
deformations should always be taken into
account and this is especially true if the dam is
thick.

4-20. Effect of Temperature Changes.—-The
analysis for the effect of temperature changes
follows closely the procedure described for the
analysis of stresses due to waterloads. In the
analysis of temperature stresses the deflections
of the arch elements due to the temperature
change are used as a first approximation in
place of the deflections due to the external
loads in the case previously considered. The
remainder of the analysis is identical with that
of the procedure described.

The temperature range is obtained from data
based on actual exposure conditions at the
particular dam. Although air temperatures
largely govern the final concrete temperatures,
solar radiation upon exposed surfaces of the
dam and the presence of the water against the
upstream face of the dam will also influence
the mean temperature of the concrete under
conditions of use. Temperature stresses are of
sufficient importance to warrant an
investigation of the temperature conditions to
be met at each specific site [9]. Refer also to
chapter VII of this manual.

4-21. Stresses Due to Weight of Dam.—1t is
customary to build dams in sections separated
by contraction joints which are usually filled
with grout after the dam has been raised to its
full height. With radial joints only, each vertical
element becomes statically determinate and it
is a simple matter to calculate the dead-load
stresses. These stresses are not ordinarily
changed by the grouting process and may be
assumed to exist without change after the dam
is grouted. If circumferential joints are used,
the dead-load stresses will be affected by
details of construction such as height
differential between adjacent blocks and the
time of grouting the joints, as well as the
grouting pressures used.

4-22. Effect of Cracking.—1f tension
develops in an arch dam, the limited ability of
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unreinforced concrete or masonry to carry
tension may cause the formation of a crack.
The development of a crack will modify the
structural action to a considerable extent, and
in such cases the analysis must be
correspondingly modified. Tension areas may
develop in any dam, and cracks may occur on
the upstream face at the junction of the dam
and the foundation and on the downstream
face in the center of the dam near the top. The
effect of cracking may be approximately
accounted for by ignoring the structural action
of all material which develops excessive
tension. A preliminary analysis based upon the
assumption that the material is capable of
carrying tension is usually necessary in order to
discover the approximate location of the
tension areas. It is important to note that since
the development of a crack changes the
structure, the law of superposition does not
hold if cracking occurs, and it is therefore no
longer possible to estimate the effect of several
loads by adding together the effects of the
individual loads applied separately. This makes
it necessary to introduce the effects of vertical
loads, waterloads, and temperature changes
into the analyses simultaneously. The difficulty
of the analysis is greatly increased but this
cannot be helped.

4-23. Nonlinear Stress Distribution. —After a
trial-load analysis is made, based on the
assumption of linear stress distribution, a
knowledge of the effect of nonlinear stress
distribution may be obtained from a
two-dimensional finite element analysis, by
computations using the methods of the theory
of elasticity, or by photoelastic means. In any
case, the loads applied are obtained from the
trial-load analysis. The greatest deviations
generally occur at the junction of the dam and
the abutment, where stress concentrations
occur. A local thickening of the dam may be
required to keep the stresses in this region
within bounds.

4-24. Abutment Stability —In gravity dams,
the safety against sliding depends upon the
angle the resultant of the loads makes with the
normal to the plane of the base. The safety of
an arch dam against sliding at any given point
in the abutment may be estimated in a similar
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fashion. This is most easily done by computing
the direction cosines of the normal to the
abutment surfaces at the location chosen and
the direction cosines of the resultant thrust at
the same point. For a given strip crossing the
abutment surface, the resultant thrust applied
to the strip can be estimated from the arch
thrusts, tangential and radial shears, and
vertical cantilever loads applied to the area of
the strip. The angle between the resultant and
the normal can then be found by the
well-known formula of analytic geometry for
obtaining the angle between two lines in space
whose direction cosines are given. The data for
calculating the direction cosines of the
resultant thrust are obtained from the trial-load
analysis.

2. Discussion of Method

4-25. Assumptions and Their Explanations. —
Assumptions which are peculiar to the
trial-load analysis or require explanation are
given in the following list:

(1) The concrete in the dam, as well as
the rock in the abutment and foundation,
is a homogeneous, isotropic, and
uniformly elastic material.

(2) It is wusually assumed that no
differential movements occur at the
damsite due to waterload on the reservoir
walls or floor.

(3) Vertical displacements due to dead
load, shrinkage, and temperature changes
prior to joint closure take place in the
cantilevers before the beginning of the
arch action, so that no lateral transfer of
these loads takes place.

(4) Average temperature changes in
arches vary with the average horizontal
thickness for each arch element. Other
temperature changes in the arches depend
also on location and orientation, varying
from upstream to downstream faces and
from abutment to abutment.

(5) Excessive tensile stresses are
relieved by cracking and all loads are
carried by compressive, tensile, and
shearing stresses in the uncracked portion
of the dam.
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(6) Stresses calculated from the final
load distribution on a simplified structure
represent the stresses in the dam for the
assumed condition of loading.

The first assumption is a fundamental
requirement which makes possible the use of
the theory of elasticity for a mathematical
solution of stresses and strains in a body such
as a dam. Actually, the foundation rock is
never homogeneous nor isotropic. It may
contain joints, cracks, and fissures, and be
composed of different materials with different
properties. Extensive treatment of the rock by
grouting seams with cement and excavating
weak zones and backfilling them with concrete
is necessary to obtain a monolithic foundation.
The rock must be sufficiently stable so that it
will withstand disintegration, and must be of
adequate strength, for without these conditions
the dam may fail.

With modern methods of control of
concrete, a fairly uniform concrete is readily
obtained. The grouting of joints and control of
temperature make possible a monolithic
structure. Normally, concrete produced by
modern methods is of stable composition,
although special investigations are made to
determine the effect of chemical reaction
between alkali aggregate and cement. The
effect of water-soaking of concrete is usually
negligible.

In accord with the second assumption,
movements of the canyon walls due to
waterload on the reservoir floor are neglected
in the wusual analysis. Effects of such
movements were investigated for Hoover Dam
and are described in appendix I. These effects
were found to be negligible.

The third assumption, that the vertical
displacements due to dead load, shrinkage, and
temperature changes prior to joint closure take
place in the cantilevers before the beginning of
arch action, is valid because the construction
program requires subcooling before grouting.
Thus the contraction joints are opened and no
arch action will take place until after grouting.

In applying the fourth assumption, the
average temperature changes within the arch
elements are considered to vary with the
average thickness of the arch and the
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temperature differentials at the faces of the
dam. This temperature change is assumed to be
constant from abutment to abutment and from
upstream face to downstream face of an
element. The change from the grouting
temperature to the selected operating
temperatures is the temperature change usually
used in the analysis. The nonuniform
temperature changes are the variations from
upstream to downstream faces and from
abutment to abutment. These variations
depend on the orientation of the dam with
respect to the sun, the water level, and the
location and thickness of the arch.

In applying the fifth assumption, cracking is
generally assumed to occur where the allowable
tensile stress is exceeded by the greatest
amount in each element. Tensile stresses and
resultant cracking can be largely eliminated by
subcooling the concrete and grouting the
contraction joints while concrete temperatures
are below ultimate mean annual values. In
dams for which studies indicate tensile stresses
in excess of the tensile strength of the
concrete, cantilevers and arches are analyzed
on the assumption that they crack to the point
of zero stress at the location of maximum
tension in each element. If the redistribution of
load caused by this assumption does not relieve
the tensions at other points, it may be found
necessary to assume cracking at more than one
point in an element.

The sixth assumption is based on the
premise that all elements in the dam are in
deflection agreement after completion of the
analysis for a simplified structure.

The effects of assumed loading conditions,
uplift pressure, temperature change, ice load,
and earthquake shock can be included in the
analysis. However, load conditions chosen for
design should include only those loads having
reasonable probability of simultaneous
occurrence. Combinations of transient loads,
each of which has only a remote probability of
occurrence at any given time, have negligible
probability of simultaneous occurrence, and
cannot be considered as reasonable bases for
design. For example, maximum earthquake will
not likely be combined with maximum design
flood, nor will maximum ice pressure normally
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be combined with maximum design flood or
maximum earthquake. In special cases,
however, some fraction of the maximum ice
pressure may best be considered as a
long-continuing rather than a transient load.
The design of an arch dam should therefore be
based on the loading combinations listed in
section 3-14, unless special considerations
dictate otherwise.

4-26. Arches and Cantilevers.—(a) Coordi-
nate Systems.—A dam is essentially a
three-dimensional elastic body. By means of
the elastic theory, conditions of deformation
of a three-dimensional structure may be
expressed in terms of three mutually
perpendicular linear displacements and three
angular displacements. In trialload analyses a
system of cylindrical coordinates is ordinarily
used. The axes are: first, radial along the radius
of the arch; second, tangential along the
tangents to the arc through the midpoint of the
crown; and third, vertical. Linear displacements
are referred to these axes and angular
displacements are measured as rotations about
the axes. Other systems of coordinates are used
in some phases of the analyses. Descriptions of
those systems are given in the applicable
sections.

(b) Selection of Arches and
Cantilevers.—For a trial-load analysis, the dam
as proposed by preliminary design is assumed
to be replaced by two systems of elements. The
first is a system of vertical cantilevers each
bounded by radial, vertical surfaces 1 foot
apart at the axis of the dam, which converge
from the upstream to the downstream face. (In
special studies cantilevers of a greater width
may be assumed.) The cantilevers resist vertical
and radial forces applied at the upstream or
downstream faces as external loads; and
tangential forces, twisting moments, and
bending moments applied at a distance of
one-half the crown thickness from the
upstream face as internal loads. Weight, usually
being purely a cantilever loading, is considered
only in the final computation of stresses. The
second system of elements consists of
horizontal arches 1 foot high with parallel,
horizontal top and bottom surfaces and with
vertical upstream and downstream faces. These
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are statically indeterminate elements
terminating at elastic abutments. They resist
radial forces applied at the faces as external
loads, tangential forces and horizontal
moments applied along the arc through the
midpoint of the crown, and twisting moments
in vertical radial planes.

Both of these structural systems are assumed
to occupy the entire volume of the dam, as
shown on figure 4-10. Note that the right and
left sides of the dam in the figure are reversed
from those determined by the normal
convention. Arches and cantilevers may move
independently of each other, but elements at
corresponding points must have identical linear
and angular displacements so that the
continuous structures of arches and cantilevers
occupy the position of the loaded dam. These
elements are assumed to be held in place by a

pattern of external loads and internal
250 =Central angle
g = % Centrolangle & . &
@, =% Central angle & 0 (t,°°°\s

Axis of dam ----~

Unirt chord [
/foot in length ---fN

Right abutment |

Line of L
symmetry.--"}

Figure 4-10. Arch and cantilever elements of a
constant-radius symmetrical arch dam.
288-D-138
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self-balancing loads applied and established by osimun cortieve ararr
trial. SR

Instead of investigating a great number of
vertical and horizontal elements, only a few
sample arches and cantilevers are analyzed in
order to perform the analysis within a
reasonable length of time. If the dam is
reasonably symmetrical about the maximum
cantilever section, as shown on figures 4-10 and P e
4-11, only half of the structure need be (orviioneo , CANTILEVER
analyzed, and five to seven arches and four to et T —— |
seven cantilevers may be sufficient. If the dam
is nonsymmetrical, as shown on figure 4-12, XL
both sides must be analyzed. More cantilevers, arch samard”
usually 9 to 11, are therefore required.

Normally, one cantilever is located at the
maximum section of the dam and the others at Fi 411, Pt il g .
the arch abutments, as shown on figures 4-11 gure symmetrical atch e e shien of a
and 4-12. In the event of a sharp change in
abutment or foundation slope, additional
cantilevers may be analyzed. This is done so Masi i
that the adjustment can be obtained in this ;
region for an accurate determination of
stresses. Such a procedure is necessary for sites
that contain irregularities which cannot be
removed economically. If at all practicable, it is
desirable to smooth out irregularities of the
canyon profile in assuming excavation lines,
and to adopt a design symmetrical about the
crown-cantilever section. Deep holes or
relatively narrow gorges in the bottom of the
canyon can sometimes be plugged with
concrete and treated as parts of the foundation
instead of parts of the dam.

(c) Adjustment of Arches and Cantilevers.—
The trial-load analysis is carried out in steps, or
adjustments as they are called. At present, three
adjustments are made: radial, tangential, and
twist. These serve to bring the arch and
cantilever movements into linear agreement in
radial and tangential directions, and in
rotational agreement for rotations about
vertical and tangential axes. With the simplified
structure, it is sufficient to secure coincidence
of sample arches and cantilevers at their points
of juncture. Such coincidence is completely
achieved when there is equality of the three JMaxivuM
linear and three angular displacements of the SEGTION
arch with those of the cantilever, However, the . .
adjustments previously mentioned bring only Menoﬁ;iﬁnflﬁéaﬁgﬂﬁémfgssﬁggg1 of

--Arch

Note: Only ane-half of the dom
requires an ondlysis.

~Maximum cantilever
) element

ELEVATION
(DEVELOPED)
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four of the six movements into agreement;
namely, the radial and tangential
displacements, and tangential and vertical
rotations. The present method is, therefore,
incomplete, since it lacks adjustments for
vertical displacements and radial rotations. Of
these two, the rotation about a radial axis
appears to be of lesser significance and is
completely neglected in the analysis.

Ordinarily, the tentative cross section of the
dam is first analyzed by a simplified method.
When this first analysis is completed, tentative
dimensions of the structure may be modified as
indicated by the resulting stress computations.
Several such analyses may be made, with
successive modifications in dimensions, until
the final dimensions are determined. The final
design can then be analyzed completely by the
trial-load method for applicable loading
combinations. In the final trial-load studies, it
is usually desirable to analyze at least five arch
elements.

4-27. Design Dara.—The basic consider-
ations and assumptions upon which trial-load
studies can be based are presented in sections
4-11 through 4-26. The results of field
investigations and other studies such as
hydrologic, geologic, climatic, laboratory, and
earthquake studies should be obtained to
determine or verify the design assumptions.

(a) Constants and Structural Data —
Constants and structural data usually required
for a trial-load analysis are given in the
following list:

(1) Dimensions of arches and cantilevers.

(2) Modulus of elasticity for concrete in
tension and compression.

(3) Modulus of elasticity for concrete in
shear.

(4) Poisson’s ratio for concrete.

(5) Modulus of elasticity for abutment rock
in tension and compression.

(6) Poisson’s ratio for abutment rock.

(7) Dimensions of developed base of dam.

(8) Slopes of arch abutments and cantilever
foundations.

(9) Unit weight of concrete.

(10) Unit weight of water.
(11) Elevation of reservoir water surface.
(12) Elevation of tailwater surface.
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(13) Dynamic loading due to an assumed
earthquake shock.

(14) Temperature changes at elevations of
arches.

(15) Coefficient of thermal expansion for
concrete,

(16) Unit weight and elevation of silt
accumulations.

(17) Elevation and pressure of ice loads.

(b) Forces Acting on the Dam.—Forces
acting on a dam include weight, temperature
changes, and some combination of external
loads produced by reservoir water, tailwater,
uplift pressure, silt, ice, earthquake shocks, and
any superstructure load.

If the dam is built in vertical sections and
contraction joints are grouted after
completion, effects of concrete weight are
taken by the cantilevers alone. In this case,
concrete weight does not affect trial-load
adjustments and need not be considered until
stresses are computed. If grouting is started
before completion, deflections due to weights
of concrete added subsequently must be
included in the analysis. Likewise, when
cracking of the cantilevers is assumed to take
place, concrete weight becomes a factor in
computing deflections of vertical elements.

Temperature data based on actual exposure
conditions at the particular dam are used in the
analysis. Determinations of these data are
discussed in section 3-7.

Reservoir water at the upstream face and
tailwater at the downstream face of a dam
produce hydrostatic pressures, as discussed in
sections 3-6 and 4-31 and illustrated on figure
4-26.

Uplift pressures are usually unimportant in
arch dams, and any but the simplest
assumptions lead to considerable difficulty in
the trialload method of analysis. On that
account, the uplift assumption for arch dams
has been selected from the standpoint of
simplicity rather than a rigorous statement of
pressure distribution. It is only used in the
design of arch dams for cases involving tensile
stress of such magnitudes as to imply cracking.

Silt accumulations are usually assumed to
act in the same way as vertical waterloads, the
unit weight being taken as the weight of
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saturated earth. Increases in horizontal pressure
due to silt flows may be provided by using
fluid pressures greater than that of water,
depending on the quantity of silt.

Forces exerted on a dam by ice at the
surface of the reservoir are uncertain. (See
section 3-10 for a discussion of ice pressures.)
Pressures from 5 to 25 tons per linear foot have
been used for design, but some experiments
and studies have indicated that these values are
excessive. Values used recently seldom exceed
5 tons per foot.

Dynamic forces due to earthquake are
calculated by means of formulas given in
sections 4-55 and 4-56.

4-28. External Loads, Internal Loads, and
Unit Loads.—(a) External Loads.—In a
trial-load analysis, all deflections or movements
due to the adjustments are usually measured
from an undeflected reference line representing
the concrete-weighted position. Deflections
due to concrete weight are ordinarily not
calculated, but the resulting stresses are
computed and added to the adjustment stresses
to obtain the total stresses within the dam.

For simplicity, all the remaining external
loads except horizontal waterload are assigned
initially to either the arches or cantilevers, as
convenient, and are not altered during
subsequent adjustments. However, the
application of trial loads in these subsequent
adjustments redistributes the external loads
appropriately between the arches and
cantilevers. The vertical components of the
reservoir and tailwater loads, in addition to
vertical silt load and superstructure load, are
usually placed on the cantilevers as an initial
condition, as also is any horizontal ice
component, radial component of horizontal
earthquake force, and horizontal tailwater
load. Vertical movements are neglected in the
analysis, but initial radial cantilever deflections
due to these initial loads are included in the
radial adjustment.

The tangential component of any assumed
horizontal earthquake force is applied as an
initial tangential load on the cantilevers prior
to making the tangential adjustment. Initial
tangential deflections of cantilevers due to this
load are added to the cantilever deflections
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obtained in the tangential adjustment.

The effects of temperature change in a dam
are assumed to be confined to the arches. The
temperature changes are determined at
elevations of the arches and are assigned as
initial loads on the arches. This procedure
ignores the effects of temperature change on
the cantilevers, which are relatively small.
Initial temperature deflections of the arches
must be added to arch deflections determined
in the adjustment. A linear variation of
temperature from upstream to downstream
face will, however, affect both arches and
cantilevers. Both the temperature change and
linear variation of temperature from face to
face may also be varied along the length of arc.
These effects have been included primarily in
programing for the electronic computer.

In making the first radial adjustment, the
total horizontal radial reservoir load is divided

.between the arches and cantilevers by trial so

as to have a load distribution which will give
approximate agreement of radial deflections
between the two systems of elements. Initial
radial deflections of arches due to temperature,

and of cantilevers due to initial load
components, are included in the total
respective radial deflections. The total

horizontal reservoir waterload may include
horizontal tailwater and horizontal silt load
components.

In subsequent radial adjustments, a more
accurate distribution of reservoir load is
accomplished through application of equal and
opposite radial loads on the arches and
cantilevers.

(b) Internal Loads.—Internal loads are
commonly called self-balancing loads since
they are always applied in pairs, the two loads
of a pair being equal in magnitude and opposite
in direction, one acting on the arch and the
other acting on the cantilever. The purpose of
these loads is to bring arch and cantilever
deflections or movements into agreement
without changing the total external loads on
the structure. These loads may be freely chosen
with the provision that the internal load on the
cantilever must be equal and opposite to the
internal load on the arch at every point. These
internal loads represent, in a physical sense,
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forces set up by the interaction between the
assumed arch and cantilever systems.

The nature and use of external and internal
loads in successive steps or adjustments is
illustrated diagrammatically on figures 4-13,
4-14, and 4-15. The upper portion of figure
4-13 shows a plan of a typical arch and a
typical cantilever through the arch. Here it is
assumed that the concrete weight has been
assigned to the cantilever and that the resulting
position of the common section (a-b for the
cantilever, d-¢ for the arch) is the initial
position from which all subsequent deflections
and movements are computed.

In the lower portion of figure 4-13, a
temperature load has been assigned to the arch
and the vertical waterload has been applied to
the cantilever as an initial load. Also, the first
trial distribution of the total horizontal
reservoir waterload has been made between the
arch and cantilever elements, the loads being
shown as (Q and @, respectively. Note
that the cantilever has moved radially to a-b
and the corresponding arch section has rotated
and moved tangentially to position c¢d.
Relative positions of elements are exaggerated.

In the upper part of figure 4-14, the
reservoir load has been divided as indicated by
@ and @ so that the elements a-b and ¢-d
are in approximate radial deflection agreement.
The temperature load on the arch and the
horizontal earthquake and vertical reservoir
waterloads on the cantilever are assumed to be
acting, but are not shown.

In the lower part of figure 4-14, an internal
tangential load shown by (3 has been
applied to the cantilever at a distance of
one-half the crown thickness from the
upstream face and an equal and opposite
tangential load shown by ® applied to the
arch along an arc through the center of the
arch crown and concentric with the extrados,?
so that g-b and c¢d are in approximate
tangential deflection agreement. The tangential
component of an earthquake shock is assumed
to be acting, but is omitted from the figure.
This illustrates the tangential adjustment.

2 For a uniform-thickness arch such as illustrated on the three
referenced figures and in the following discussion, this arc is
coincident with the arch centerline.
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Crown reactions~_

~Common section
Arch

Contilever

ARCH AND CANTILEVER ELEMENTS
{Inttial position due to weight)

~Initigl position of arch
N ' Crown reactions

APPLICATION OF RESERVIOR LOAD

(Including any temperature load on the
orch and ony rodial companent of
vertical waterload or horizontal earth-
quake on the cantiever.)

Figure 4-13. Diagrammatic illustration of arch and
cantilever elements and reservoir load.
288-D-2969

Finally, on figure 4-15, equal and opposite
internal twist loads have been applied to the
cantilevers and arches in the same manner as
discussed above for the tangential loads, so as
to give approximate agreement of ¢-b and ¢cd
by a rotational movement. The applied loads
are shown by @ and @ . This illustrates
the twist adjustment. The loads applied in the
radial and tangential adjustments are assumed
to be acting as well as the initial external loads,
but are omitted from the figure for clarity.

(¢) Unit Cantilever Loads.—The unit load is
a device used to simplify the application of
external and intemal loads and the
determination of deflections. By computing
unit deflections and movements for unit loads,
the determination of total movements or
deflections for applied loads is relatively easy.

~~Common
section
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-Crown reactions

Cantilever
RADIAL ADJUSTMENT
(Radial load acts across entire face of element)

Trace of arcs through
center of crown-,

1 -Grown reactions .
! J

12

Cantilever

TANGENTIAL ADJUSTMENT
(Including tangential component of
earthquake inertia on cantifever.
Load @ assumed to be acting, but
omitted for clarity.)

Figure 4-14. Diagrammatic illustration of radial and
tangential adjustments,—288-D-2970

Trace of orcs through
center of crown-,
A

Crown reactions-._

Cantilever
TWIST ADJUSTMENT

Note: Loads 3),@,®), ond © ossumed
octing, but omitted from figure for clarity

Figure 4-15. Diagrammatic illustration of twist
adjustment.—-288-D-2971
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Unit radial loads are used in applying radial
forces carried by the cantilevers. These unit
loads are triangular in shape and vary from P,
usually 1,000 pounds per square foot
horizontal pressure, at one arch elevation to
zero pressure at the sample arches directly
above and below (see fig. 4-16). Note that the
radial load acts across the entire face of the
cantilever. With these loads it is possible to
apply any horizontal force that varies as a
straight line between successive elevations of
sample arches (see sec. 31(g)). Shear and
bending moments are computed for each unit
load, and radial deflections due to each load
are determined by the theory of flexure of
beams with contributions from transverse
shears included, as shown in section 4-31(h).

Unit tangential loads applied to cantilevers
are similar to unit radial loads, except that they
represent tangential shearing forces applied at
the centerlines instead of radial forces applied
at the faces (see fig. 4-16(b)). In computing
tangential deflections, tangential shear is
assumed to be distributed uniformly
throughout each horizontal cantilever section.
Only those deflections due to shear are
evaluated. Tangential bending of cantilevers is
not considered.

Unit twist loads are triangular loads which
represent twisting moments applied to
cantilevers as shown on figure 4-16(c). Twisting
moments act on cantilevers that are elements
of a continuous structure. Therefore, shears set
up by these moments act in tangential
directions. They are assumed to have a linear
variation from the upstream face to the
downstream face. With this assumption,
angular movements can be calculated by the
formula used for twist in a continuous slab
[10].

Both tangential and twist cantilever loads
produce secondary movements that are
generally large enough to require consideration.
Tangential loads cause significant rotations in
horizontal planes if the cantilever sections
change considerably from the top of the dam
to the base. These rotations exist because the
centerlines of the cantilevers are not vertical.
Twist loads cause secondary cantilever
movements in radial directions, the rates of
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Load for Elevation 600 applied at
upstream face of cantilever

Unit rodiol load ---

B pounds per square foot -~~~

(a) TYPICAL UNIT RADIAL LOAD

Thrusts applied at a distance of Yz the
crown thickness from the upstream face

LY.~ ~Unit tangential foad, Elevation 600.
800~ -~ !’i "T---p, pounds per square foat

s
2 400-—-
H | ~~Lirecs
§30-- olction .
W gp0- - A -} 9entai; 7o
'
00— A i\

{d) TYPICAL UNIT TANGENTIAL LOAD

Moments applisd at a distonce of e the
crown thickness from the upstreom foce

Intensity of twist
lood------- -7
R foot- pounds per square foot-

(c) TYPICAL UNIT TWIST LOAD

Figure 4-16. Typical unit cantilever loads.
288-D-2685

change of applied twisting moments along arch
centerlines being equal to the rates of change
of bending moments in the cantilevers. These
secondary effects are calculated after each trial
and are included in succeeding adjustments.

After deflections are calculated for unit
loads, the results are tabulated for convenient
use. These deflections aid in estimating trial
loads since they show the flexibility of the
elements. If the cantilevers are assumed to
crack, unit-load deflections cannot be used
because cantilever movements depend on the
amounts of cracking. In this case, it is
necessary to calculate total cantilever
deflections each time the trial load changes.

(d) Unit Arch Loads.—Unit arch loads are
used for the same purpose on arches as unit
loads on cantilevers, the applied arch load
being built up by means of unit loads. For the
purpose of simplification, load constants are
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tabulated for typical circular arch loads so as to
determine deflections at arch points. These are
discussed more fully in section 4-34(g) and (h).

Radial arch loads include a load which is
uniform over the entire arch length, and
triangular loads which vary from a maximum
pressure at the abutment to zero pressure at
the quarter-points as shown on figure 4-17(a).
It is possible, by means of these unit radial
loads, to apply any radial load that varies as a
straight line between quarter-points of the
arches.

Unit tangential loads, consisting of
tangential thrusts applied at the arch
centerlines, are used in the adjustment of
tangential deflections. These unit loads include
a uniform load P, usually 1,000 pounds per
square foot, and triangular loads varying from
P pounds per square foot at the abutment to
zero at the quarter-points (see fig. 4-17(b)).

Unit twist loads are also uniform and
triangular in shape. The uniform unit load
represents a moment of P foot-pounds per
square foot, applied along the entire centerline
of the arch. The triangular loads represent
moment loads varying from P foot-pounds per
square foot at the abutment to zero at the
quarter-points, as shown on figure 4-17(c).

Unit loads are numbered as shown on figure
4-17 for easy reference; thus, a No. 1 load is
always a uniform load, a No. 2 load begins at
the abutment and terminates at the 3/4 point,
and so on.

In addition to the loads just discussed,
another set of unit loads is required by the
assumption of elastic foundations and
abutments. At the base of a symmetrical dam,
the foundation is subjected to cantilever loads
only. At the ends of the top arch the abutment
is subjected to arch loads only. At all
intermediate points the canyon wall acts both
as an arch abutment and as a cantilever
foundation. This is a direct corollary of the
assumption that each system occupies the
whole volume of the dam. Part of the arch
abutment movement is due to arch loads and
the balance is due to the cantilever loads.
Concentrated unit loads of shear, thrust, and
moment are placed on the arch abutment.
These concentrated forces and moments are
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respectively, a radial shear of P, usually 1,000
pounds, a tangential thrust of P pounds, and a
twisting moment of P foot-pounds, as shown
by figures 4-17(a), (b), and (c), respectively.

Temperature changes in a dam may be
determined at elevations of sample arches from
actual temperatures observed at or near the
site, and are assigned to arches as initial loads.
The temperature load is not an adjustment
load, but is an initial load on the arches. Unit
radial, tangential, and angular movements are
calculated for a unit 19 F. temperature change
by means of the coefficient of expansion of
concrete, as shown in section 4-34(o). Linear
temperature variations assume —%° F. at the
upstream face and +%° F. at the downstream
face. These unit movements are multiplied by
the assumed temperature change and linear
variations, respectively, to give the total
movement due to change of temperature
within the arch.

Besides producing radial movements, radial
loads on the arches cause secondary tangential
and angular movements. Tangential loads cause
secondary radial and angular movements, and
twist loads cause secondary radial and
tangential movements. In other words, each
arch load produces radial, tangential, and
angular movements that have to be considered
in the adjustment. However, secondary
movements converge rapidly with successive
adjustments so that only a few readjustments
are necessary.

3. Preparation for Trial-Load
Adjustments

4-29. General Considerations.—(a) Prelimi-
nary Studies.—For a complete trial-load
analysis it is advisable that the proposed dam
be as near to final dimensions as practicable.
This would mean that preliminary studies of
tentative dams by simplified methods such as
the arch and crown-cantilever method, and
methods based on radial adjustment only, had
been previously utilized to obtain a section
which is expected to be the most suitable for
the given site. Owing to the comprehensive
nature of the trialload method, excavation
limits should be determined as exactly as

DESIGN OF ARCH DAMS

possible so that the dimensions of the dam are
close to final. Arches and cantilevers are
selected as indicated in section 4-26(b).

(b) Layout of Arches.—Each arch is drawn
to a suitable scale to show dimensions, radii,
and angles. Arch formulas are based on radial
abutments. Actual surfaces of contact between
arches and abutment rocks are so modified that
when radial abutment planes are drawn
through the point where the centerline of the
arch intersects the abutment, the angle
between the abutment and the centerline, &,
is taken to the nearest whole degree. This
makes possible the use of tables of circular arch
and load constants without interpolation. At
the same time, the angles of abutment planes,
¢, are determined and tabulated. Arches are
classed as uniform thickness or variable
thickness, with or without fillets as the case
may be, and symmetrical or nonsymmetrical. If
symmetrical only one-half of the dam need be
analyzed. If nonsymmetrical the entire dam is
analyzed. If the arch is of variable thickness, or
with fillets, the division into voussoirs is made
as indicated in section 4-35(a) and dimensions
tabulated.

(c) Layout of Cantilevers.—Cantilever
elements are drawn to a suitable scale to show
dimensions of the vertical and horizontal cross
sections at each arch elevation. The cantilevers
are 1 foot in width at the axis of the dam. In a
variable-radius arch dam, the assumption of
vertical radial planes for the sides of the
cantilevers is not feasible because the radii vary
in direction with a change in elevation. This
variation results in warped radial surfaces
which are 1 foot apart at the axis as illustrated
on figure 4-18. In the summation process,
however, each increment is assumed to have
vertical radial sides.

(d) Design Data.—Constants and structural
data requirements are given in section 4-27(a),
and forces acting on the dam are treated in
section 4-27(b). For purposes of illustration, a
number of computations made for typical
dams are presented in appendixes B and C.

4-30. Foundation Constants.—(a) General
Discussion.—The inclusion of yielding
abutments in the trial-load analysis has the
effect of increasing deflections of the cantilever



LAYOUT AND ANALYSIS—Sec. 4-30

A
LEFT SIDE §
&
I~
wn
)
Unit chord

| foot in length

73

RIGHT SIDE

Approximate trace of
warped vertical surface
on face of dam.

Axis

Centerline
of top arch

Y

centerline

NOTE: Each cantilever has radial sides
| foot apart at axis.

Figure 4-18. Vertical elements of a variable-radius arch dam.—288-D-2738

and arch elements. Stresses are usually
decreased at the abutments and foundations,
but may be increased in other parts of the
structure.

Elastic deformation of the foundation causes
tilting, twisting, and displacement of arch

abutments and cantilever foundations.
Normally, each arch abutment is coincident
with a cantilever foundation, and the two must
move together as a single unit. It is necessary to
use the total abutment load from both
members in computing foundation
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deformations for each trial combination of
loads on the two elements. Arches and
cantilevers are rotated and displaced as rigid
bodies. These rigid-body movements are added
directly to the elastic deformations of the
elements themselves to obtain the total
rotations and displacements of the arch or
cantilever at any point.

(b) Assumptions.—The basic assumptions
made for wuse in computing foundation
deformations are given as items 1 and 2 in
section 4-25. The equations by which the
deformations are computed are based on the
assumption of an isotropic foundation material
of infinite extent in the plane of the
foundation and below it. Actually the
foundation is never a plane and the foundation
material is never isotropic nor homogeneous.
The theory makes no allowances for these
variations, and consequently, the foundation
analysis shown in this chapter is only
approximate. The dam may be considered as
being supported by a series of independent
springs, the elastic constants of which are
determined by reference to deformations of an
infinite foundation with a plane surface.

The, assumptions mentioned above are made
for the purpose of utilizing the Boussinesq and
Cerruti formulas for deformation of an infinite
foundation with a plane surface. Basing his
work on these formulas, Dr. Fredrick Vogt
obtained equations for average deformations of
a loaded rectangular area of the foundation
surface [11]. These equations express
deformation due to a bending moment in a
plane normal to the surface, a force normal to
the surface, and a tractive or shear force in the
plane of the surface. To supplement Dr. Vogt’s
equations, a formula has been derived for
average deformation due to a twisting moment
in the plane of the surface.

(c) Notations.—A list of notations is given at
the beginning of this chapter (sec. 4-2). The
following additional items are used in this
discussion of foundation constants for
considering movements of unit horizontal and
vertical elements. Directions are as shown on
figure 4-24D. Symbols refer to the left side of
the dam.
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moment normal to X axis.
moment normal to Y axis.
moment normal to Z axis.
force parallel to X axis.
force parallel to Y axis.
force parallel to Z axis.
angular movement normal
to X axis.
angular movement normal
to Y axis.
8, = angular movement normal
to Z axis.
Ax = movement parallel to X axis.
Ay = movement parallel to Y axis.
Az = movement parallel to Z axis.
= thickness of dam at abutment
or foundation.
1 = perpendicular to foundation
surface.
Il = parallel to, or in plane of
foundation surface.

S
]

(d) Equations.—Rotation and deformations
of the foundation surface for moments and
forces of unity, per unit length, are given by
the following formulas, in which k is a function
of u and b/a, and T is equal to a’ (see figs. 4-19
through 4-23):

r kl 1
*7E T? ()
r k2
B “E, 2)
! k3
YEE 3)
[ J— k4
—E, T? (4)
LY - ks 5
@ “ET (5)
L4 - ks 6
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EXPLANATION
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Figure 4-20. Foundation deformation—values of k; in equation (2).
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Figure 4-22. Foundation deformation—values of k4 in equation (4).
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Figure 4-23. Foundation deformation--values of k5 in equations (5) and (6).
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Figure 4-24. Foundation surface and unit forces, moments, and movements,—288-D-2972



LAYOUT AND ANALYSIS—Sec. 4-30

!

Deformations a'’' and y'' are secondary in
character and are of relatively small magnitude.

The above equations contain elastic
constants, Ep and u, which are usually
determined by direct experimental methods.
The curves shown on figures 4-19 through 4-23
provide an easy means for determining values
of k, to ks, inclusive, after the ratio b/a has
been determined by means described below.
Corresponding & values for @ s &5 , @ s
and are determined from the same figures
asfora’,y',a',andy", respectively.

It is impossible to obtain a definite value of
b/a for an irregular foundation surface. An
approximation of some kind is necessary, and
at present the following method is used. The
surface of contact between the dam and
foundation is developed and plotted with the
axis as a straight line as shown on figure 4-24A.
This surface is replaced by a rectangle of the
same area and approximately the same
proportions, called the equivalent developed
area. The ratio of length to width of the
rectangle is taken as the ratio b/a for the
foundation in question. The value of b/a is
therefore a constant for a particular dam. In
computing deformations for a particular
element, the width o' is made equal to T, the
thickness of the dam at the element
considered, making 7/b' = a/b, or b’ = (bla) T.

Figures 4-24B, C, and D show sketches of
foundation deformation movements for unit
horizontal and vertical elements of a dam.
Forces and moments in the dam measured with
reference to radial, tangential, and horizontal
planes, as shown on figure 4-24D(a), are
“resolved into normal and tangential
- components acting on the foundation, as
- shown for the unit elements on figures
- 4-24B(a) and 4-24C(a). These resolved forces
-and moments produce deformations and
~rotations of the unit differential area, both
- normal to and in the abutment plane, as shown
on figure 4-24D(b). Deformation and rotations
. are resolved into components in principal
- planes of movements, and the summation of
: the components in any plane or direction is the
‘ resultant movement of the element in that
* plane or direction.

The final equations for the foundation
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movements of a unit horizontal element at
either abutment of the dam are shown below.
The algebraic signs are as used for the left
abutment, and the asterisk (*) indicates that
signs are to be reversed for movements at the
right abutment.

*, =M, at+ Va, 7N
*Ax=—Hp (8)
Ay = V’y +MZ Q, (9)

for which:

a=a'cos® ¢y +8 sin? Y cosy
a, =o' cos?

g =8’ cos® \[1+<~Dsin2 ¥ cos ¥
Y=7"cosy

| X - "

a Y

t is customary to require that ', §', and
(see fig. 4-24A(b)), for a unit differential

area on one side of the dam be average values
for the equivalent developed area of that side
of the dam. If the damsite is approximately
symmetrical about the maximum section,
dimensions of the equivalent developed area

for either or both sides of the dam are ¢ and

. - a
b/2. For this reason, ratlos—Tand—sz- are

substituted for the ratio b/a in some cases in
obtaining values from the curves on figures

4-19 through 4-23. These substitutions are
indicated below:

. b
Fora',a',v', and y"' use ratio-—-

b2

For g’ and &' use ratio—=
. a?
For @ use ratlom
and multiply results from the graph by
_b‘/l_2 to correct the curve values for this

direction.
The final equations for movements of a unit

vertical element at either abutment of the dam
are shown below. As before, the algebraic signs
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are as used for the left abutment and the
asterisk (*) indicates that signs are to be
reversed for movements at the right abutment.

0 =My atVa (10)
*0, =M, s (1)
ax=-H @) (12)
Ay =Vt My e (13)

for which:
a=qa' sin® ¢ +8'sin ¢ cos® ¥
a, =o' sin? ¢
8 =8"sin? Yy +a'sin ¢y cos® ¥
@ = @ sin® ¢ + 8" sin ¢ cos? ¥

y=7v"siny

In order to compute abutment deformations
it is necessary to introduce concentrated loads
at the arch abutments representing loads
transmitted by the cantilever elements resting
thereon. From figure 4-25 it may be seen that
at the centerline, the width of a cantilever
resting on an arch of unit height is equal to tan
Y. Since the assumed unit cantilever used in
the analysis is 1 foot wide at the axis, the radial
shear at the base of the cantilever is multiplied

R _.
by —“—rxi tan ¢ to give the correct amount of

concentrated radial load to be applied to the
arch 1 foot high. For the same reason,
tangential shears and twisting moments at the
cantilever foundations are corrected by the

Raxis . .
factor—r tan § to determine, respectively,

concentrated tangential and twist loads on the
arches. In the adjustments, abutment
movements of the arches are added
algebraically to deflections of corresponding

DESIGN OF ARCH DAMS

cantilevers, since cantilever foundations move
with arch abutments.

Concentrated loads take care of all
foundation movements except rotation in a
vertical plane, @,. Therefore, equation (10)
must be used in computing movements due to
unit loads for cantilevers resting on arch
abutments. Computations of unit foundation
movements for Monticello Dam by use of the

equations listed above are shown in
appendix C.
4-31. Uncracked-Cantilever Analysis.—

(a) Introduction.—The purpose of this section
is to show the preparation of certain essential
data for uncracked cantilevers which are
required before any adjustments can be made.
This preparation includes the evaluation of
properties of a radial-side cantilever in a
concrete dam; the computation of forces and
moments due to weight of concrete and water;
the computation of forces and moments due to
earthquake shock, unit and initial radial,
tangential, and twist loads; and computation of
unit and initial cantilever movements due to
unit loads and initial loads. Examples of the
computations discussed in this section are
shown in appendix B.

The cantilever element is assumed to be
composed of a series of horizontal differential
elements which have circular-arc boundaries at
the upstream and downstream edges and radial
boundaries 1 foot apart at the axis of the dam
(see fig. 4-26(b)). Also, the cantilever is
assumed to be an elastic unit, set upon an
elastic foundation. As previously stated all
movements are measured from the
concrete-weighted position, it being assumed
that the cantilevers take all the weight before
arch action begins, unless a construction and
grouting program is included. The cantilever
may have an initial radial movement due to the
vertical component of waterload, silt, ice,
concrete inertia, and superstructure placed
upon it as initial loads; and an additional radial
movement due to a radial load which
represents some fractional part of the total
reservoir load. Furthermore, it may have an
initial tangential movement due to an initial
horizontal earthquake load (see sec. 4-28). If
stage construction is included, the deflections
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Figure 4-25. Contact of arch and cantilever with abutment.—288-D-434
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(b) HORIZONTAL CROSS SEGTION

Figure 4-26. Cross section of a radial-side cantilever
showing normal loading conditions.—288-D-2973

due to the weight and moments of concrete
placed after a portion of the dam is grouted are
considered as part of the initial deflection for
- that stage.
~ Nommal loading conditions consist of
- reservoir and tailwater loads,but exclude any
- earthquake effects. Horizontal silt load may be

included in the reservoir loading. Vertical and
horizontal cross sections of a typical cantilever
for normal loading conditions are shown on
figure 4-26. It should be noted that only a
fractional part of the reservoir waterload is
applied to the cantilever; that a radial force to
the right is a negative force; that the weight is a
positive force downward; and that positive
forces give positive moments in a
counterclockwise direction. The complete sign
convention is shown on figure 4-29 for
cantilevers to the left and right of the
maximum vertical cross section of the dam,
respectively. This sign convention must be
carefully followed in the analysis of cantilevers
and requires careful study. A prime mark (')
indicates a value for tailwater. (A list of
notations is given at the beginning of this
chapter (sec. 4-2).)

(b) Properties of a Radial-Side Cantilever.—
The properties of horizontal sections of a
cantilever are usually determined at elevations
of sample arches. Additional sections may be
analyzed at intermediate elevations if more
accuracy is required., After the thickness and
radii at a section have been found, the area, 4,
the moment of inertia, /, and the distance from
the upstream face to center of gravity, lg, may
be obtained from the equations which follow.

If the boundaries at the upstream and
downstream faces in section (b) of figure 4-26
are assumed to be straight lines, the area of the
horizontal cross section is:
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Rg
R

axis

A=

or simplifying,

Rp
R

+
axis T

2

TR Rp
A= 1+
axis [ RE ]

2R

(14)

Likewise, the equation for the distance from
the upstream face to the center of gravity is:

Rg Rp
+2
} =l Raxis Raxis
853 |” R Rp
Raxis Raxis
or simplifying,
Rp
. 142 Re
£73 Rp
1+ R,

(15)

The moment of inertia of the section about
the center of gravity is:

Re \’ R, R
Q—EJ +4—L. D,
I= T3 Raxis Raxis Raxis

Raxis

36

or simplifying,

Rg R

+
Raxis Raxis

(c) Weights and Moments Due to Concrete
Initial Loads on

and Vertical
Cantilever.—Weights

and moments

due to
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concrete and vertical waterloads are computed
by Simpson’s rule.

As stated before, initial vertical loads on the
cantilever may include vertical waterload,
vertical hydrodynamic load due to a horizontal
earthquake shock, increased vertical waterload
due to silt, and water inertia due to vertical
earthquake shock. Concrete weight is not
included, but the concrete inertia effect due to
a vertical earthquake shock may be included as
an initial vertical load.

The effect of silt in the vertical waterload
can be included by using an increased density
of water in computing the total weight.

(d) Cantilever Deflections Due to Linear
Temperature Effects.—Radial deflections of
cantilever elements caused by temperature
variations from the upstream to the
downstream face may be comparatively large.
As in the arch elements, the temperature
variation from the upstream to the downstream
face must be assumed linear.

The curvature of cantilever elements due to
linear temperature variations is defined as the
rate of change of slope and is computed for a
given elevation by the equation:

o=S0) (17)

where:

p = curvature,

C = coefficient of thermal expansion
for concrete per degree
Fahrenheit,

T = cantilever thickness at the
elevation being considered,
in feet, and

t = temperature change from upstream
face to downstream face in degrees
Fahrenheit at the given elevation.

The total slope at any elevation on the
cantilever due to linear temperature variation is
obtained by integrating the curvature of the
cantilever from its base to that elevation. The
integration can be carried out mechanically
using the following relationship:
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Slope = ZpAz (18)
where Az is the incremental height.

The cantilever radial deflection, Ar, at any
elevation resulting from this assumed linear
temperature variation is obtained by
integrating the cantilever slope from its base to
the particular elevation. The following
expression is in summation form used for
mechanical integration:

Ar=Z(AzZpAz) (19)

A positive temperature change is an increase
in temperature from the upstream face to the
downstream face. This causes an upstream Ar
which, according to the sign convention, is also
positive. The Ar computed for temperature
variations as described above should be
included as a part of the initial cantilever
movement to be adjusted in the analysis.

(e) Forces and Moments Due to Trial Loads
on a Cantilever.—Forces and moments at each

4v = Horizontal force of portionof load

above an elevation (Area)
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elevation for radial loads on a cantilever are
determined by means of forces and moments
due to wunit triangular loads, which are
illustrated on figure 4-27. The triangular loads
peak to a maximum value, P, which is generally
assumed to be 1,000 pounds per square foot.
Since P can be considered to be a distance
measured horizontally along y, it is spoken of
as a load ordinate. Thus, if P = 1,000 pounds
per square foot, the load ordinate is equal to
1,000; or if the load is in kips, the load
ordinate is unity, or one. For example, if we
have an ordinate of 2 kips for a trial radial
load, we can multiply a unit shear by 2 and a
unit moment by 2. These resultant values must
be further adjusted for the width of the face of
the cantilever at each respective elevation by
multiplication by the value of Rg/R,,; for a
load at the wupstream face. From this
discussion, it can be seen that the total
reservoir load on the dam must be computed in
terms of load ordinates at each respective
elevation for the convenient use of trial loads

|, PzL0AD 1 AM =Moment of av about on elevation UNIT TRIANGULAR RADIAL LOADS
1 600 | PER so.um'f‘; Loads applied ot face of cantilever.
AV's and OM's for a basic unit load ore
Load 600 (No.1) | Load 500 (Na 2) multiplied by e~ (upstream face) for
AV : 1020P = 50p | avsdP. s50p the elevation ot which that basic unit load peaks.
1,500 EL500 2 V and Mp are obtained by multiplying AV's and
aM = 50P(%4:100) | am=50P(Y4-100) AM's by the lood ordinates at the load peak
2 3,333pP =[,667 P elevations.
. av = 292 1oop UNIT TRIANGULAR TANGENTIAL LOADS
1,400 EL400| BV = 50P Loads applied at half the crown thickness from
AM - 50P(86%4+100) am- Joor(100) the upstream face. AV's for a basic unit load are
oo B multiplied by -,{f;s— for the elevation at
i ic unit | ks, givi '
7,300 E1.300] AV =50P oV =100 P 'gcuqh::*i;aslfa:g' oad peaks, giving DH's
AMff?';(gi%"m) o= I00P(200) H is obtained by multiplying the OH's by the
it *20,000P load ordingtes ot the lood peak elevations.
21200 £L200| 8V:50P av=100P UN’TI,:';"';’G;’/-:‘:M"W’ST oA
, Loads applied o crown thickness from
2 2 =
8M =50P(66% +300)| oM = I00P(300) the upstream foce. AV's for a basic unit load
are multiplied by %m for the elevation at
1 i00 1100 ETC. ETC. which that basic unit load peaks, giving OM's

for twist loads.
M is obtained by multiplying the DM's by the
load ordinates at the load peak elevations.

Figure 4-27. Unit triangular loads for a radial-side cantilever.—288-D-2974
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and unit shears and moments.

The external load to be divided by trial
between the arches and cantilevers is usually
due to reservoir waterload. The formula for the
waterload is as follows:

n=wh (20)
The units usually are pounds per square foot
and feet. Any fractional part of p applied to
the cantilever as a trial load must be treated as
described in the preceding section.

If the water surface is below the top arch to
be analyzed, an inaccuracy in load occurs
because of the triangular unit loads on the
cantilevers (shown on fig. 4-27). The use of
these triangular unit loads requires that the
external pressure vary linearly from the value
at the second arch to zero at the top arch.
“Odd” load is the correction for the difference
in water surface elevation. In the case where
the water surface is above the top arch to be
analyzed, the additional waterload above the
top arch must be applied as an initial load.

(f) Forces and Moments Due to Horizontal
Initial Loads.—Horizontal initial loads on the
cantilever may act in a radial or tangential
direction. Ice loads are usually considered as
initial loads acting in a radial direction.

(g) Unit Triangular Loads.—Basic unit
triangular loads are used in computing unit
radial, tangential, and twist loads. These basic
loads are for an area of application 1 foot in
width and must be corrected in computing unit
cantilever loads as described below. The basic
triangular loads are shown on figure 4-27. The
quantity indicated by AV is that portion of a
basic triangular load above any given elevation,
in pounds. It is equal to the total basic-load
shear at a given elevation in calculating unit
radial and unit tangential loads; but in
calculating unit twist loads, it is equal to the
total twisting couple in foot-pounds, at the
given elevation, caused by the portion of a
basic triangular load above that elevation. The
quantity indicated by AM is the moment of the
portion of the basic triangular load above any
given elevation, about that elevation. Values of
AM are used only in computing radial loads.
Thus, on figure 4-27 it can be seen that for a

DESIGN OF ARCH DAMS

certain elevation AV is the area of the
basic-load diagram above that elevation, and
AM is the product of AV and the distance of its
centroid above the elevation.

For convenience, triangular loads may be
designated by the elevation at which they peak;
P is generally assumed to be 1,000 pounds per
square foot for radial and tangential loads, and
1,000 foot-pounds per square foot for twist
loads.

An illustration of unit radial loads is given
on figure 4-27. These loads are usually applied
at the upstream face of the cantilever. Values of
AV and AM for these radial loads are obtained by
multiplying AV and AM of the basic unit load
by Rg/R,,;s for the upstream face, for each
respective elevation at which the unit load
peaks. This factor adjusts the basic triangular
loads, one unit in width, to the width of the
face where they are applied as radial loads.
Then, by multiplying these adjusted values of
AV and AM by the estimated trial-load
ordinates at respective elevations, the shears
and moments on the cantilever due to the trial
load placed upon the cantilever for the radial
adjustment are quickly calculated. The method
of building up a trial-load pattern is illustrated
on figure 4-28. In this figure the value of
Rg /R, is has been assumed equal to unity in
order to simplify the computations. The
computations for TAM are omitted, but are
performed in a similar manner as those for
ZAV.

Unit tangential shear forces are applied at a
distance of one-half the crown thickness from
the upstream face of the cantilever. Values for
AH for unit tangential loads are obtained as
shown on figure 4-27. The total tangential
thrust is obtained by summation. Basic unit
loads are corrected by r,/R;.;, for the
elevation at which the basic unit load peaks.
Trial-load ordinates for tangential loads are
estimated and ZH computed by means of unit
tangential loads.

Unit triangular twist loads are twisting
couples applied in horizontal planes about a
point at a distance of one-half the crown
thickness from the upstream face of the
cantilever. The value of P is assumed to be
1,000 foot-pounds per square foot. Values of
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Figure 4-28. Diagrammatic

illustration of trialload pattern for radial
adjustment.—288-D-1396

MM for: a unit twist load are obtained by
multiplying values of AV of the basic unit load
by 7, /R, ;s for the elevation at which the basic
load peaks. The twisting moment, M is
obtained by multiplying AM by the estimated
trial-load ordinates at the load peak elevations;
and the total twisting moment, =AM obtained
by summation. ‘

(h) Deflections and Angular Movements of a

Radial-Side Uncracked Cantilever.—Symbols

“ used in the notation for cantilever movements,

in addition to items given at the beginning of
this chapter (sec. 4-2), are listed below:

ratio of detrusion due to actual
shear distribution, to detrusion
due to equivalent shear
distributed uniformly, usually

K
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assumed to be 1.25 for Ar and
1.00 for As.
AZ = increment of height between

sections at which properties and
forces are known (see fig. 4-29).

In order to determine foundation
movements for a radial-side cantilever, the
factor R,,;/r is introduced in the following
equations to correct for the movements at the
centerline of a cantilever of unit uniform width
to the movements at the axis of a radial-side
cantilever one unit wide at the axis:

R

axis

[a'sin® ¢ +8 siny cos? ¢]1 (21)

a:

_Ttaxis
y=—7F I

R .
(P==2zi [(Dsin® v+ ' sin ¢ cos? ¥] (23)
R

' sin y] (22)

5 -Lris [6'sin® Y+ a'siny cos® ¢y] (24)
R ..

a? =# [a"'sin? ¢ (25)

Foundation movements for a radial-side

cantilever are assumed to be the same as those
for a parallel-side cantilever.

Radial cantilever deflections are caused by
trial radial loads and initial loads. The radial
deflections due to trial loads are caused by
radial shear forces and bending moments,
whereas the initial radial deflection due to
vertical waterload is caused by a radial bending
moment. For each cantilever, initial deflections
due to initial loads are computed for each
elevation, and radial deflections due to trial
loads are calculated from unit deflections for
each elevation. The total radial deflection of
the cantilever at any elevation is the sum of
these two and the arch abutment deformation
at the base of the cantilever.

Radial deflections are determined by the
common theory for cantilever beams, and
include deflections due to bending, shear, and
foundation yielding. The radial deflection at
any horizontal section due to bending moment
is the integral of the slope of the centerline
from a base to the elevation of the given
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section. The slope of the centerline at any
horizontal section is the angular foundation
movement, or tilting, normal to the foundation
surface, plus the integral of the curvature of
the centerline from the base to the elevation of
the given section, the curvature of the

centerline at any point being ,
E 1
slope is small compared with unity.

The radial deflection at any horizontal
section due to radial shear forces is equal to the
foundation deformation plus the integral, from
the base to that section, of the detrusion, or
change in horizontal position, of the centerline.
This detrusion of the centerline for a
differential height is:

(Z—Iér‘) Az

Actual calculations for radial deflections are
performed by summating the quantities noted
in the preceding two paragraphs for a sufficient
number of horizontal sections to render the
summation reasonably accurate. Operations
followed in evaluating radial deflections may
be expressed by the formula,
) Az

(26)

= M
Lanar 8" = 2<Ma atV et ZEI
+<a7*+M a"‘+ZAG Az)

in which the asterisk (*) designates terms that
apply only to the maximum cantilever or one
that does not rest on the end of an arch. For
the general case of a cantilever resting on an
arch abutment, these terms are replaced by the
equivalent total radial movements of the arch
abutment.

Tangential shear forces produce tangential
cantilever deflections by shear detrusions only.
Tangential movements caused by bending are
negligible. Tangential deflections are
determined by the method used for radial
deflections due to radial shear forces. The total
tangential movement at any horizontal section
equals the total tangential movement of the
arch abutment on which the cantilever rests,
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NOTES.

Radial loads are applied
to the faces.

Tangential and twist load
applied at a distance
of ), the crown thick-
ness from the up-
stream face.

of dam

- Az = Increment of height

N between sections at

9 which properties and
___'k forces are known.

N v = Radial shear forces.

<;] H = Tangential shear forces.
- ™ = Twisting moment in

N horizontal plane.

< Ar, As, © = Radial, tangential
___x and angular movements

N of caontilever at €.

<
X

“Cantilever foundation

(a)

VERTICAL CROSS SECTION

Right

Left

(b) HORIZONTAL CROSS SECTION

MAXIMUM CANTILEVER AND CANTILEVER
TO LEFT OF MAXIMUM VERTICAL CROSS

CANTILEVER TO RIGHT OF MAXIMUM VERTICAL
CROSS SECTION (LOOKING UPSTREAM)

SECTION  (LOOKING UPSTREAM)
DIRECTION DRECTION OF |ORECTION OF
D'REOCF"“' mm:“'“%?"’"mcesm NOVEMENTS
PosITIVE | FORCES | posive TS | O o
MOVEMENTS Loaps | POSITIVE
MOMENTS LOADS | LOADS
ALL DIREGTIONS REFER TO FIGURES ALL DIRECTIONS REFER TO FIGURES
FIGURE (a) FIGURE (a)
< < = = —— = -
ar <—|v <3 [V Sar =) lar v <5 Ll Jv = ar =
n-C m-C
M+ M+
FIGURE (b) . FIGURE (b)
as +} [H +} e +f {;_—é as +} | [as + [ +} — {;_—5 as —t
+
o HD) M+ wmstC{mw -C le -C | [0 +O)(w +C [wstD #-Dle +5

Figure 4-29. Direction of positive movements, forces, moments, and loads; and direction of forces, moments,
and movements due to positive loads.—288-D-2692
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plus the initial tangential movement of the
cantilever at that section due to the assumed
tangential earthquake force, plus the integral,
from the base to that section, of the tangential
movements of the differential heights of the
cantilever. The general equations are:

as=-H,r -y Bhenz 1)
and
RAs=H, @ + Y 2Le az (28)

in which the asterisk (*) designates terms that
apply only to the maximum cantilever or one
that does not rest on the abutment of an arch.
For the general case of a cantilever resting on
an arch abutment, these terms are replaced by
the equivalent movements of the arch
abutment. In applying the formulas to the
evaluation of tangential movements, the value
of K, is taken as unity because tangential shear
is assumed to be distributed uniformly at each
horizontal section.

Angular movements of a cantilever are
rotations about the cantilever centerline
produced by twist loads. These twist loads are
represented by twisting moments in horizontal
planes. Angular movements due to trial loads
are calculated from unit angular movements.
The total angular movement at any horizontal
section is the total angular rotation, in a
horizontal plane, of the arch abutment on
which the cantilever rests, plus the integral,
from the base to that section, of the angular
movements of the differential heights about
the centerline. Since the summation method is
used to evaluate quantities to be integrated,
and since the angular movement of a

M-
differential height is (‘EET) Az, the formulas
for the left and right sides of the dam are:

_ M
L0=M, 8%+ 2 YT, Az (29)
z: M-
R0=_Ma5* — 'mAZ (30)

in which the terms designated by an asterisk
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(*) apply only to cantilevers that do not rest
on the abutment of an arch. In the general case
of a cantilever resting on an arch abutment,
these terms are replaced by the equivalent
movements of the arch abutment. Since
cantilevers are units of a continuous structure,
shears set up by twisting moments are assumed
to act in tangential directions and to have a
linear variation from the upstream face to the
downstream face of the cantilever. With these
assumptions, the equations correspond to
formulas for twist in a continuous slab.

Several secondary movements are produced
by radial, tangential, and twist loads applied to
the cantilevers in the trial-load adjustments.
Most of these have been investigated, and those
having small effects are usually neglected.
Usually there are two important effects to
consider. The first is the radial deflections due
to twist loads; the second is the angular

movements in horizontal planes due to
tangential loads. These effects are discussed
later under the tangential and twist
adjustments.

(i) Convention of Signs.—In the application
of formulas given in this chapter, the
convention of signs to be used is given on
figure 4-29. On the left side of the figure is
shown the sign convention for a radial-side
cantilever of maximum vertical cross section
and for all cantilevers to the left of the
maximum cantilever, looking upstream. It
should be noted here that for the vertical cross
section, a positive reservoir radial load is
applied as a negative shear force, V, and
produces a negative bending moment, M, and a
negative radial movement or deflection, Ar.
Also, for the horizontal cross section, a positive
tangential thrust load is applied as a negative
tangential force, produces a positive tangential
deflection, and ordinarily produces a negative
twisting moment in a clockwise direction.
Furthermore, a positive twist load is applied as
a negative twisting moment and produces a
negative clockwise rotation for the horizontal
cross section.

For a positive radial load on the vertical
cross section of any cantilever at the right of
the maximum cantilever, the sign convention is
the same as for a cantilever at the left.
However, a positive thrust load on the
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horizontal cross section of a right-side
cantilever is applied as a negative tangential
force, produces a negative tangential deflection
to the left, and ordinarily produces a negative
twisting moment in a counterclockwise
direction. Note that this direction is opposite
to that for negative twisting moment on a
left-side cantilever. A positive twist load on the
horizontal cross section of a right-side
cantilever is applied as a negative twisting
moment in a counterclockwise direction and
produces a positive rotation which is
counterclockwise. These sign conventions must
be carefully followed throughout the trial-load
analysis. The designation of right and left sides
of the dam looking upstream is opposed to the
convention used normally in dam engineering.
However, it was adopted early in the stage of
development of the trial-load analysis and no
practical advantage would accrue if a great
amount of labor were expended in changing it.
Also, trial-load results can be shown for the
dam as viewed downstream, which is with
normal view and agrees with specification
drawings.

Examples of computations of data for the
analysis of uncracked cantilevers are given for
Monticello Dam in appendix B.

4-32. Cantilever Data by Simpson’s
Rule.—The following method is the one
generally used to obtain the values of area and
moment of the concrete and to compute the
vertical waterload above any given elevation.
The areas of horizontal sections, location of
centers of gravity of these sections, and the
moments of inertia can be determined very
quickly by equations (14), (15), and (16). With
these data known, the vertical waterload and
the accumulated weights and moments due to
concrete are very quickly and accurately
determined from top to bottom by using
Simpson’s rule.

(a) Weights and Moments Due to
Concrete.—~The weight of concrete and the
moment of this weight about the center of
gravity of a horizontal section are determined
at each elevation at which an arch element is
analyzed. Between any two arch elements, the
volume of the cantilever element is determined
by integrating the cross-sectional areas by
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means of Simpson’s rule. To do this, cantilever
data are required at an elevation midway
between the arch elements.

Referring to figure 4-30(a), let the heavy
horizontal lines represent elevations at which
the weights and moments are desired, that is,
arch elevations. Let the broken lines represent
elevations midway between the arch elements.
Let A, equal the area of the cantilever element
at elevation I-1, A, equal the area at elevation
2-2, etc. Let z equal half the difference
between arch elevations, and let 7-I be the
elevation of the top of the dam.

The weight of the cantilever element
between elevations -1 and 3-3 is then equal
to:

W,z
W), =_3‘(A1 t44, +A;)=

zw, |:Al + 32 A ] €}))

3 3 3

The total weight of concrete above elevation
5-5 is equal to:

(W) = (W), +zw, [fga +4§44 + f;s] (32)

It can, therefore, be seen that the weight of
each cantilever block is added to the
accumulated weights above that block in order
to give the total weight at any section.

It will be noticed that at each arch elevation
the area is multiplied by the constant 1/3 and
at each intermediate elevation the area is
multiplied by the constant 4/3. It should be
noted that the z term is not constant unless the
arch elements occur at equal intervals.

To determine the moment of the weight of
the concrete above any arch elevation about
the center of gravity of the cantilever section at
that elevation, it is necessary to locate the
center of gravity of the concrete mass above
the elevation in question. This is obtained by
taking the moment of each area multiplied by
the unit weight of concrete, w,, about an
arbitrary vertical reference line, summing these
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moments by Simpson’s rule, and then dividing
that sum by the total weight. The location of
the center of gravity of the mass is then
referred to the center of gravity of the section.

Referring to figure 4-30(b), let x equal the
distance from the arbitrary reference line to

Mo, =5 A0 w, (g +30) + 44, W, (s +x2)+ A3 w, (s +x3)]

|;Axis of dom
V4
Upstreom Downstreom
face-, - face

; ()Cenfer of grovity

HORIZONTAL SECTION
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the upstream face, and Ig equal the distance
from the upstream face to the center of gravity
at any section.

The moment of the weight of concrete
between elevations I-I and 3-3 about the
arbitrary reference line is equal to:

(33)

- <;Axis of dam

A
i A 1
4
R
b 4
3
b4
1
4
AN
(a)
~Axis of dom
I !
qu
' J F Ae__ __p
3 As 3
4——# I R—
s—4exl As 5
n-t ——X N\ A0y
n An n
\ l Base
Reference -
ling-~~-" (b)

Solid lines represent elevations at which
unit arches are analyzed.

Broken lines represent elevations midway
between orch elevations,

Figure 4-30. Cantilever elements for use in Simpson’s rule.—288-D-2694
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or

A 4A A
(RM,), =2 W, |:—-—‘- (gs +x1) +— (g +x2) +3 (e +x3)]

34
3 (34)

The moment of the total weight of concrete above elevation 5-5 about the reference line is equal
to:

A 44 A
(RMc)5 =(rM,) tzw, [ 3_(3 Igs +x3)+_"“_3 2 (Igs +x4)+-§i(lg5 +xs)] (35)
3

The moment of the total weight of concrete above any elevation n-n about the reference line is
equal to:

n-1

As 44
(RM")n =(RMc)5 +zw, _3(lg5 +x)+ 3

A
(g +x),, +—_,;"—(lg,, +x, )] (36)

The distance from the arbitrary reference line to the center of gravity of the mass above any
elevation is equal to:

(R Mc)
=— " 37
@), =7,y (37)
The moment of the total weight about the center of gravity of the section is then equal to:
M, =(W,) g, +x, —x,)=(W) e (38)

(b) Weights and Moments Due to Vertical
Upstream Waterload.—As was noted on figure
4-30, the width of the upstream face of the
cantilever element at any elevation is

waterload on the wupstream face of the
cantilever, a new waterload will result. On figure
4-31, let the line C-O represent the upstream
face of a cantilever element with the water
surface elevation at point Q. The ordinate of
the vertical waterload at any elevation is
obtained by multiplying the weight of water at

Rg

Rg
numerically equal to the value ———. If 4, is
axis
the head of water, the differential waterload
d(W,) on an increment of horizontal
projection ds is:

that elevation by its respective value of
Raxis
In so doing, the width of the cantilever element
is assumed unity at the upstream face, and the
weight of water acting on the face above any
elevation is numerically equal to the area of the
waterload above that elevation. To determine,
as accurately as possible, the waterload above

Rg

dw,)= wh, (R s (39)

axis,

Numerically, the same waterload would be

obtained if the upstream width of the above
cantilever element were assumed to be unity,

R
and the head multiplied by the ratio R d .

axis

Applying this assumption to the vertical

these elevations, it is necessary to determine
the ordinates acting at the mid-elevations to be
used in Simpson’s rule.

The difference between the mid-ordinate
and the average ordinate is very small.
Therefore, a very close approximation of the
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Figure 4-31. Cantilever section with vertical waterload.—-288-D-2975

arca of the waterload may be obtained by
multiplying the average ordinate by the change
in horizontal projection of the cantilever face
between the elevations / and 3 or 3 and 5 as
shown on figure 4-31.

W,

Referring to figure 4-31, let the horizontal
projection of the upstream face between arch
elevations be denoted by (A U.S. Proj.). Then
the waterload W,, acting on the face between
arch elevations is equal to:

_ [Average of ordinates )
w ( of the waterload ) (& US. Proj.) (40)
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The total waterload acting above any elevation
is equal to the sum of the (W, )’s to that
elevation.

The moment of the waterload above any
elevation about the center of gravity of the
cantilever section at that elevation is
determined by the same procedure as for the
moment due to concrete weight. The moment
of the total waterload about the reference line
is divided by the total water weight in order to
locate the center of gravity of the water mass.
The moment arms for the load ordinates are
the values of x used before for concrete
moments, The moment arm for a mid or
average ordinate would be the distance from
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the reference line to that ordinate. However, as
was noted in the discussion above, this ordinate
is slightly larger than it should be. Therefore, if
it were multiplied by an arm slightly less than
the distance between this ordinate and the
reference line, a compensating effect would
result, and the resulting moment about the
reference line would be more nearly the correct
value. This slightly smaller moment arm is
obtained by using the x value to the upstream
face at the intermediate elevation.

The moment of the waterload above
elevation 3 (fig. 4-31) about the reference line
is then equal to:

i 0+hs R R ,
&M,), = [AESLOLL o4 (—————321; E) X2 +owhy x| @D
axis axis
3
and the moment of the waterload above elevation 5 is equal to:
U.S. Proj.
&M,), = é__z_]_]
— 5
i (M oy a2 (o Re b Rp)  whs Ry,
_3 Raxis 3 2Raxls * 3 Raxis *
+ M), (42)

The location of the center of gravity of the
water mass above elevation 3 is equal to
kM), + (W,),, and the location of the
center of gravity of the Water mass above
elevation 5 is equal to (xM,, ) + (W, ) With
the location of the resultant vertlcal water
forces known, their moments about the centers
of gravity of the cantilever sections are easily
determined.

(c) Weights and Moments Due to
Downstream Waterload.—The effect of the
tailwater on the downstream face of an arch
dam is usually neglected. The procedure for its
determination, however, is the same as for the
upstream waterload. It should be noted that
the width of the cantilever element at the

downstream face is equal to the ratio R

axis

(d) Weights and Moments Due to
Superstructure Loads.—Owing to the eccentric
application of the resultant weight of the
superstructure, it is necessary to determine the
bending moments due to this weight at each
arch elevation.

4-33. Cracked-Cantilever Analysis.—
(a) General Discussion.—In thin arch dams,
applied radial loads tend to produce tension in
the cantilevers. Since ordinary concrete usually
does possess some tensile strength, it would
appear that a nominal amount of tensile stress
may be allowable for good concrete. In general,
when this stress is exceeded, all of the canti-
levers in tension may be assumed to crack to
the point of zero stress, so that the uncracked
sections are entirely in compression.
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The assumed cracking makes the cantilevers
more flexible and transfers a greater portion of
the waterload to the arch elements, thereby
increasing arch stresses generally. In addition,
cantilever stresses at the downstream face of
the dam may be increased due to the reduced
area of concrete available for transmitting
cantilever forces. The assumed condition is
somewhat analogous to that assumed in the
reinforced concrete beam theory. The resultant
of the forces above a horizontal section is equal
to the total stress on the uncracked area, and
the stresses are assumed to have a nonlinear
distribution, ranging from zero at the end of
the crack to a maximum at the uncracked face.
The shape of the stress distribution diagram is
assumed to vary with the depth of the
crack—between linear for no cracking and
parabolic for a crack depth of one-half or more
of the thickness.

Actually, the cantilevers never crack at all
points at which tension is indicated. Since a
cantilever may crack at one of these points and
not at others, cracking is assumed at the point
of maximum tension only, on each face.
However, if the tensions are not relieved at the
other points, it may be necessary to assume
cracking at additional points on that face. Of
course, the dam can be modified so as to bring
tensile stresses within allowable limits, thus
eliminating the necessity for computation of
cracked cantilevers.

If a horizontal crack occurs at the upstream
face of a cantilever below the water surface,
uplift pressures are assumed to be full reservoir
pressure for the depth of the crack varying
uniformly to tailwater pressure at the
downstream face. This uplift pressure in the
crack has a tendency to cause further cracking,
which is resisted by the arches. The moments
due to uplift forces are computed about the
center of gravity of the entire section.

Since amounts of cracking and radial
deflections are functions of total loads acting
on a cantilever, the use of unit loads with
cracked cantilevers is impossible, and it
becomes necessary to calculate total radial
deflections for each trial-load change.

Cracked-cantilever movements include
effects of only those loads or forces capable of
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being distributed between the arch and
cantilever elements. Loads and forces applied
to a dam before grouting are resisted by the
cantilevers only; hence, movements due to
these loads and forces are not included in the
adjustments. It is necessary to compute
deflections due to concrete weight and subtract
these deflections algebraically from the total
cracked-cantilever movements, in order to
determine the cantilever deflections due to trial
loads.

The major effect of cracking is to increase
radial deflections. The effects of cracking are
not included in tangential and angular
movements.

(b) Notations.—Symbols used in considering
cracked cantilevers, in addition to items given
at the beginning of this chapter (sec. 4-2), are
listed below. These symbols refer to the base of
the cantilever or to the horizontal section
under consideration.

R, = radius to end of crack.

r, = radius to centerline of
uncracked portion of section.

lg, = distance from upstream edge

of uncracked portion of
section to center of gravity
of that portion.

T, = radial thickness of uncracked
portion of section.

A, = area of uncracked portion of
section.

I, = moment of inertia of uncracked

portion of section about a
circumferential line through
its center of gravity.

M, = resultant moment about center
of gravity of uncracked
portion of section.

(c) Cracking at Upstream Face.—It is
necessary to determine the depth to which
cracking will extend in a radial direction at
each location where cracking is indicated. The
parabolic stress distribution is valid when the
depth of cracking is one-half or more of the
original thickness. When the depth of cracking
is less than one-half of the thickness, values are
interpolated between the parabolic stress
distribution and a linear stress distribution.
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From figure 4-32, the volume of the indicated stress solid, assuming the parabolic stress
distribution, is:

R, + 2R,

2
Yy + = _— 43
w U 9 Tl OZD Raxis ( )

The moment of the stress solid about the original center of gravity is:

2 Ro 2T,
(2W+U)('e)= ?Tl OZD R T—wlg—-s_

axis

4 R, —Rp 3T,
- <3T‘ 02,,) <—Rﬂ_ T'-k&-5

Substituting for T W + U the expression given in equation (43) and simplifying,

R R 2
3+5—=2 47 ( D
Rp —lg+te 1 R, R,

-t o\ (44)
L 45 (22
R, R,
L . Rp —lgte
It is evident, from this equation, that the value of — R determines the ratio R /R,, for

D
the uncracked portion of the horizontal section. If Ry /R,, determined as above, is less than
Rp/Rg, the section does not crack. If Rp/R, is unity or greater, the section is completely
cracked.

Cracked
Portion

C.G. of Full SecfnonJ

C.G. of Uncracked Portion

Figure 4-32. Horizontal section of a cantilever cracked from the upstream face (assuming parabolic stress
distribution).—288-D-2976
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T, can be evaluated by the equation,

R Rp
T, = (R_Q__ 1_{—) Ryyxis (45)

in which

Rax is Rax is Ro

The revised formulas for the area of the uncracked portion, A,, and the moment of inertia, /,,
are:

T, R,,) R,
A =— |1+ (46)
! 2 ( Ro Raxis
and
R, (R’
D D
] ~T13 1+4T0+<—1§ R, 47
' 36 —1 +R_D-‘ Raxis
R,
L d

From results obtained by Westergaard [12], the equations for rotation due to cracking and the
stress at the downstream face after cracking may be derived. The constant, K, used in these
equations can be evaluated as follows:

(E W+ U) Rax is
K =i RD
2 T, 3/2 1+_1._T‘_. 1+2RD
! S|\T-T, R,
and
M, o = —8KVT - T,
EI, ¢ 3FE
where E is the modulus of elasticity for concrete.
Substituting the above expression for X, -
_Ail_ _ _(EW+U)RaXiS 12(T* Tl )1/2

= (48)
EI, E R, 3/ 1 T, 2R,
e trsleq= )| (g,
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The equation for stress at the downstream face is:

"zp ~KVT [‘EH'TT‘)“]

Again substituting the previous expression for K, the stress in pounds per square inch is:

[ 5w+ U R,y 37-2T,) '
20" | 96T, ®R, ¥2Rp)| |ST—4Ty| (49)

If the cracking extends less than one-half the original thickness, the necessary values should be
interpolated between those for a linear stress distribution and those for a parabolic stress
distribution. Figure 4-33 shows a diagram of linear stress distribution for a cantilever section
cracked at the upstream face. The volume of the indicated stress solid acting on the uncracked

portion [13] is:
SW +U-= (.T_‘ R, )__T.L ( R, _ Rp >

2 %25 R

N g
axis 372p Ruvis Ruxis
Simplifying,
R, +2R,
2W+U=0g, Ty (=5 =0 50)
axis
//k‘ -
// ,/*‘~~ T Tl
// / ;‘ T Tl \\\RE -
// // // = — e T e
Al L ~~ == Sw——
- o S Oxjig -.._ el
— U e~ .- -~ - ~——
4IPSt s —— el Tl
/ A‘\\\‘ [ Oce T T T Re - T - Ty
// \\ \\\ e T A T T /
./ ) x / T =Ry .. Tl 7

QY N . K 7~ Dow, .. —
) \7 - 9 v\ Resultant™y<x...*NStreq Tl Rl

y ‘ ( = mfon, 0000 T J

/ »\\ o / [ force A" Tace .

/
7
s

"C,G.Uncrocked
portion.

Cracked portion-”’ ‘
C.G. Full section--

Figure 4-33. Horizontal section of a cantilever cracked from the upstream face (assuming linear stress
distribution).—288-D-2977
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The moment of the stress solid about the center of gravity of the original section is:

(W + U)e) T, R, T_1 T, T, R, Ry T_1 T,
_e = ——— ———— — — — — — ———— . — —_ — ——
2 OZD Raxis 3 3 OZD Raxis Raxis 8 4

Substituting for W + U the expression given in equation (50) and simplifying, the equation

S——

becomes:
Rp Rp\
Rgp —lg+e 1 [”2170*3(130)]
R =3 T T (51
D Rp ‘2 Rp
RO RO
S Rp —lgte . .
As stated for the parabolic distribution, the value of ——p—— determines the ratio Rp /R, .
D
T, can be evaluated by the equation,
R Rp
T, = (2 _—2_\R _. (52)
! <Raxis Raxis) axis

in which

Ro _ RD .RD
R.. R .. R

axis axis o

Equations for area, 4, , and moment of inertia, /, , of the uncracked portion of the horizontal

section are:
T, Rp R,
A, =— (1 +5— (53)
! 2 ( Ro) <Raxis
and
Rp (Rp\’
' 736 Ko Roxis
RO
The rotation at the crack is:
Ml (EW + U) 6 Raxis
—_—= = - 2 (55)
El, -4 ET, Ry R,
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The stress at the downstream face, in pounds per square inch, is determined by the equation,

A
sew+ny TR,

R

°zp = 1444, [1 . 2RD:| (56)

Values should be interpolated using the ratio
T — T

0.5
parabolic distribution applies if the ratio is 1.0
and linear distribution applies if the ratio is
zero (T = T,). T, is the weighted average

It should be assumed that the

(o]

between T, for the linear assumption and T,
for the parabolic assumption.

(d) Cracking at Downstream Face.—The
depth to which the crack will extend in a radial
direction from the downstream face is
determined in a manner similar to that used for
cracking from the upstream face.

The volume of the indicated stress solid shown on figure 4-34 is:

2
ZW+U='§T1 OZU ( R

35__R_> -

axis

The moment of the stress solid about the original center of gravity is:

_ {2 R, 2 4 Rg —R, 3

Substituting for W + U the expression given in equation (57) and simplifying, the equation

becomes:

g
The value of R determines the ratio
E Rg

RO .
——. If the ratio is less than

(58)

Rp

R’ the section does not
E

crack. If the ratio is unity or greater, the section is completely cracked. The following equations
may be derived in the same manner as those for cracking at the upstream face:

R

Rg
T, = <R

axis
where

R

o

R

0. > Raxis (59)
axis

RE Ro

R

axis

axis

Rg
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Resultant /

/C.G. of =
/ Uncrocked
Portion -
/ C.G.of Full Settion

Flgure 4-34. Horizontal section of a cantilever cracked from the downstream face (assuming parabolic stress
distribution).—288-D-2978

and
T, R, R
Ay =— {1+ (60)
' 2 ( RE )Raxis
R, R, |2
! 36 1 +R_o Raxis
Rg
The constant
R
(EW+ U)g ﬂxlS>
K=2 Ro
2 1

gives:

M, IW+U 12(T — T, ) R

axis

(62)
El E 1 /T Ry R,
l I, [”? (T—Tl)] <]+2Ro>
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The equation for stress at the upstream face, in pounds per square inch, is:

_5 [CW+D R,y 3T — 2T, (63)'
’2y 96 | T, (R, +2Rg) 5T — 4T,

The equations for linear stress distribution to be used in interpolating when the depth of
cracking is less than one-half the original thickness may be derived in the same manner as those for
cracking from the upstream face. The equations for linear stress distribution on a horizontal
cantilever section cracked from the downstream face as shown on figure 4-35 are:

Ig—e v
Rp 2[R, (64)
RE
RE Ro >
T, = — R .. (65)
' (Raxis Raxis axts

where

Ro RE Ro
R R

axis axis

~<T.G. Full section “~.Cracked portion

“.C.G.Uncracked portion.

Figure 4-35. Horizontal section of a cantilever cracked from the downstream face (assuming linear stress
distribution).—288-D-2979



104

The area of the uncracked portion is:
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3 (05 (w2)
Ay == |1+5— (66)
' 2 RE Raxis
and the moment of inertia is:
RO RO ?
; Ty l}+4§;+(ﬁ;) Rg 67)
' 36 1+ Ro Raxis
Rg
The slope at the crack is:
R .
i”_l.zog_EW'i'U 6 axis (68)
1, ET,? 5 0 Rg
+—R?
and stress at the upstream face, in pounds per square inch, is:
1+5—
3w+ L Re | (69)
°2y ~ 71344, [Ro T
—_— 2
Rg
The values should be interpolated betweena  procedure used in computing the radial

parabolic stress distribution and a linear stress
distribution in the same manner used for
cracking at the upstream face. The equations
used to correct the foundation deformation
constants when cracking occurs at the base of a
cantilever element are the same as those used
for cracking at the upstream face.

(e) Deflections of Cracked Cantilever.—The

M,
LandRAr=Z [EMI a+Vaaz+EEcll Az]

Terms indicated by the asterisk (*) apply only
to the maximum cantilever or one that does
not set on the end of the arch.

deflections of the vertical cantilever elements,
including the effects of cracking, are included
in calculations of deflections by assuming the
cracked portion of the concrete offers no
resistance to radial cantilever movements. This
is done by substituting A,, I,, and M, in
equation (26), so that we have the following
equation for a cracked cantilever:

VK
Az + l:V¢z Y*+ My 0y + o 2“] (70)
1

Cantilever foundation movements to be used
if the horizontal base is cracked are:
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i

@ =rL1°W [a] (11
y =f[7] (72)
=L e Lia,] (73)

*2 7 1 ’ T,
in which factors that precede the brackets
correct the movements to the reduced
thickness of the cantilever base. Factors within
brackets are for total sections.

4-34. Circular Arch of Uniform
Thickness.—(a) General.—In the early use of
the trial-load method, arches were divided into
voussoirs. Total loads, moments, shears, slopes,
and deflections were then calculated by
summation methods. However, mathematical
formulas were developed, based on circular
curves at upstream and downstream edges of
horizontal elements, and these are now used in
analyzing arch elements. If extrados and
intrados curves are not concentric, so that the
arch thickness varies from crown to abutment,
the half-arch is divided into four segments, a
uniform thickness assumed for each segment,
and the analysis made by the use of formulas
especially derived for the segments.

If appreciable tensile stresses are indicated in
the arch elements, so that investigation of
cracked arches is necessary, analyses may be
made by the original voussoir summation
method. Analyses of uncracked arches have
been greatly facilitated by the compilation and
use of tables of arch constants. As previously
stated, analyses of arch elements have also been
greatly facilitated by calculating effects of unit
loads of rectangular and triangular shape,
covering different parts of the loaded surface,
so that effects of practically any shape of arch
load desired can be obtained by combining
effects of unit loads already calculated.

Horizontal arch elements are usually
assumed to be 1 foot high, with horizontal top
and bottom faces and vertical upstream and
downstream edges. The analysis of circular arch
elements provides a means of solution for
variable-thickness arches and arches with fillets.
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The analyses of circular arches of the
three-centered uniform-thickness type and

arches of the polycentered variable-thickness
type can also be made when desired. Although
ends of arch abutments are generally assumed
to be radial, they may be assumed as nonradial
and the analysis made on that basis.

The basis for the analysis of arch elements is
found in various textbooks on concrete design
under the subject of arch bridges. Since
formulas deduced in such books are generally
simplified to include only bending effects, the
equations were amplified to include effects of
rib-shortening and shear along vertical radial
sections. The use of the original voussoir
summation method required considerable time
for the calculation of arch deflections.
Therefore, completion of a trial-load analysis
for an arch dam was a rather lengthy process.

The analysis of arch elements by means of
integrals resulted in an appreciable saving of
time, especially after effects of tangential shear
and twist were included. A further saving in
time was effected by computing tables of
integrals needed in the calculations and
tabulating functions for different types of unit
loads which can be used in building up total
loads carried by arch elements. As stated
previously, the integral tables were prepared
for circular arches of constant thickness, but
they also may be used for the analysis of
variable-thickness arches.

Horizontal sections of an arch dam are
statically indeterminate elements with elastic
abutments. A unit element is the volume of a
dam intercepted by two horizontal planes one
unit apart. For practical purposes and ease of
computation, upstream and downstream faces
of arch elements are assumed vertical. Arch
elements resist radial forces applied at the
upstream or downstream faces, tangential
forces applied along the arcs through the crown
centerlines, and twisting moments applied
along the arcs through the crown centerlines.
The analysis of the elements consists of
calculating movements and stresses due to
these forces and moments. Movements are
determined by the usual theory of flexure for
curved beams with effects of rib-shortening,
transverse shear, and yielding abutments
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included. Stresses are evaluated by equations
for bending and direct stress.

(b) Arch Loads.—Arch loads have previously
been discussed in section 4-28. The various
loads applied to arch elements during an
analysis include radial, tangential, twist, and
temperature loads. To build up these applied
loads, other than temperature, a system of unit
loads is used. These unit loads (see fig. 4-17)
are uniform, triangular, or concentrated, and
may be either symmetrical or nonsymmetrical.
Symmetrical loads are the same on both left
and right parts of the arch; nonsymmetrical
loads are placed on one side of the arch only,
the other side being unloaded. The intensity of
loads, P, shown on figure 4-17, is usually 1,000
pounds per square foot at the upstream face.
For twist loads with bending couples applied
along the arch centerline the value of the unit
couple, P, is usually 1,000 foot-pounds per
square foot.

A temperature load is required in analyzing
the effects of a change in mass-concrete
temperature after the dam has been grouted. It
is not an adjustment load, such as radial,
tangential, or twist loads. It is a definite effect
that is assigned to the arches as an initial load.
A positive temperature load is one that denotes
a rise in temperature. A convenient unit to use
in computing temperature effects is a
temperature change of 10 F. Variations in
temperature may also be included both from
upstream face to downstream face and from
abutment to crown along the length of the
arch. This permits the inclusion of almost any
possible temperature condition in the analysis.

(¢c) Assumptions.—The following
assumptions are usually made in analyzing arch
elements:

(1) The material in the arches is stable,
homogeneous, and isotropic,

(2) Hooke’s law applies, and the
proportional elastic limit is not exceeded.

(3) A plane section before bending
remains plane after bending.

(4) Direct stresses have a linear variation
from extrados to intrados.

(5) The modulus of elasticity in direct
stress is the same for both tension and
compression.
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(6) The ratio of the modulus of elasticity
in direct stress, E, to the shearing modulus
of elasticity, G, equals 2(1 + p), in which u is
Poisson’s ratio. To account for nonlinear
distribution of shear stress, the value of K,
the ratio of detrusion caused by actual shear
distribution to detrusion caused by an
equivalent shear distributed uniformly, is
assumed to be 1.25. With a Poisson’s ratio of
0.2, the value of K¢/G is (1.25 x 2.4)/E,
which equals 3/E. This relationship of
moduli is included in the formulas and
tabulated arch and load constants.

(7) Temperature strains are proportional
to temperature changes.

(8) A temperature change is generally
assumed uniform throughout an arch.
However, when necessary, a variable
temperature from extrados to intrados face
may be assumed. A temperature variation
along the length of arch may also be
assumed (see sec. 34(0)).

(9) Abutments of arch elements are
assumed normal to the extrados for purposes
of analysis.

(d) Theory.—The arch theory is developed
for the general case of a nonsymmetrical arch
with nonsymmetrical loads. Equations derived
for this case are applicable to any type of arch
with any type of loading. Later in the chapter
the equations are modified for special use in
analyzing uniform-thickness and
variable-thickness circular arches. In general,
the method of solution consists of cutting the
loaded arch at the crown and substituting a
moment, thrust, and shear at the crown to
replace the influence of the other part of the
arch (see fig. 4-36).

A load placed at any point on either part of
the arch causes the crown point to be rotated
and displaced in a horizontal plane. These
movements are due partly to bending of the
arch ring, partly to changes in length of the
arch centerline, and partly to detrusions caused
by shearing stresses. Since the arch must
remain continuous, the crown point of both
parts of the arch must have the same rotation
and displacement. By equating the radial,
tangential, and angular movements of both
parts at the crown, three equations are
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obtained from which the unknown moment,
thrust, and shear at the crown may be
determined. These crown forces and moments
are equal and opposite on the two parts of the
arch, as shown on figure 4-36. In determining
other forces and movements, each part of the
arch may be considered as a curved cantilever
beam. In the following discussions the left and
right parts of the arch are the parts as viewed
when looking upstream.

(e) Convention of Signs.—The convention of
signs is shown on figure 4-37. Positive moments
cause compression at the upstream face, and
positive thrusts cause compression. In the left
part of the arch, positive shears cause positive
moments on the section of the arch to the left.
In the right part of the arch a positive shear
produces a positive moment in the section to
the right, except V,, which acts as shown on
figure 4-37. Directions of application of
positive loads are as shown on the same figure.

Positive moments, thrusts, and shears, M ,
H;, V,,or Mg, Hg, Vg, due to applied loads,
are in the same direction as moments, thrusts,
and shears of positive radial loads. Following
this convention, moments, thrust, and shears of
all positive triangular and concentrated loads
are positive, except thrusts of tangential loads
which are negative. Since the portion of the
uniform tangential or twist load on the right
part of the arch is applied in the same direction
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as the load on the left part, the Mg, Hg, and
Vg for these loads change sign.

Positive radial deflections are upstream,
positive tangential deflections are toward the
right, and positive angular movements are
counterclockwise. Sign conventions for
abutment movements and loads are as given on
figures 4-24B, C, and D.

(f) Arch Forces and Deformations.—
Additional nomenclature used in deriving
equations for movements of the arch at the
crown, equations for solution of crown forces,
and equations for moment, thrust, and shear at
any arch point except the crown, are shown on
figure 4-38 and listed below:

s = length along centerline of arch
from crown to any arch point.

& = angle from crown to any arch
point.

@, = angle from crown of arch to
abutment,
x,y = coordinates of any arch point

with origin at crown.

Consider a differential element of length ds,
in the left part of the arch, as shown on figure
4-38. From mechanics, equations for arch
movements at the crown, due to a moment,
thrust, and shear acting on the differential
elements, are:

do, =A§js (74)

d(ar) Mxds _H sin ® d +£izcos<b ds + ct sin ® ds (75
o~ "EJ "E,A TG, A

My ds H Ks v . 76

d(As)o=——-Ec—I——F;4~cosd>ds—-(T j4-s1n<1>ds+ctcosd>ds (76)

The first term in these equations gives the
movement due to bending, the second term
gives the movement due to rib-shortening, the
third term gives the movement due to shear
detrusion, and the last term gives the
movement due to temperature change. If the
equations are integrated from the crown to the

c

abutment, and rock abutment movements
added, the following equations result:

s
L6, = MEci;+Maa+Vaa2 17

0
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*Uniform tangential and twist loads are continuous
along the arch and their directions are those for
lood on left part of arch.

Figure 4-37. Direction of positive loads, forces, moments, and movements.—288-D-393
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Figure 4-38. Coordinates and crown forces for left part of arch.—288-D-394

s s s
_ f ¥ Mxds H . Ks v
LOr, = El —[ ECA s1n¢ds+[—GcAcos¢ds

0

+(ax, ta; cos®, )M, —H, fsin®, + (y cos®, +a, x,)V,

+ f ct sin ® ds (78)
o

s s S
My ds H Ke v .
LBs, =— / d-m__ [m cosd)ds—[?:;fsmfbds

—(ay, ta, sin® )M, —H, g cos®, — (ysin®, +a, y,)V,

£y
+ / ct cos  ds (79)
(V]
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By substituting,

M=M,+H,y +V,x-M;
H=H,cos® —V,sind+H,
V=H,sin®+V,cosd -V,

and using K/G, equal to 3/E,,