GEOTECHNICAL
ENGINEERING OF DAMS

Robin Fell, Patrick MacGregor, David Stapledon & Graeme Bell



Table of Contents

ABOUT THE AUTHORS

CHAPTER 1 INTRODUCTION

1.1 Outline of the book

1.2 Types of embankment dams and their main features
1.3 Types of concrete dams and their main features

CHAPTER 2 KEY GEOLOGICAL ISSUES
2.1 Basic definitions '
2.2 Types of anisotropic fabrics
2.3 Defects in rock masses
2.3.1 Joints
2.3.2 Sheared and crushed zoneés (faults)
2,3.3  Soil infill seams (or just infill seams)
2.3.4 Extremely weathered {or altered) seams
2.3.5 The importance of using the above terms to describe
defects in rock
2.4 Defects in soil masses
2.5 Stresses in rock masses
2.5.1 Probable source of high horizontal stresses
2.5.2  Stress relief effects in natural rock exposures
2.5.3 Effects in claystones and shales
2.54 Special effects in valleys
2.5.5 Rock movements in excavations
2.6 Weathering of rocks
2.6.1 Mechanical weathering
2.6.2 Chemical decomposition
2.6.3 Chemical weathering
2.6.4 Weathered rock profiles and their development
2.6.5 Complications due to cementation
2.7 Chemical alteration
2.8 Classification of weathered rock
2.8.1 Recommended system for classification of weathered rock
substance
2.8.2 Limitations on classification systems for weathered rock
2.9 Rapid weathering
2.9.1 Slaking of mudrocks
2.9.2  Crystal growth in pores
2.9.3 Expansion of secondary minerals

XX

OO0 kb bt

10
10
10
12
12
12

13
13
14
15
16
17
17
20
21
21
22
22
25
35
35
36

37
39
39
39
40
40



vi  TABLE OF CONTENTS

2.9.4 Oxidation of sulphide minerals
2.9.5 Rapid solution
2.9.6 Surface fretting due to electro-static moisture absorption
2.10 Landsliding at dam sites
2.10.1 First-time and “reactivated” slides
2.10.2 Importance of early recognition of evidence of past slope
instability at dam sites
2.10.3 Dams and landslides: Some experiences
2.11 Stability of slopes around storages
2.11.1 Vital slope stability questions for the feasibility and site
selection stages
2.12 Watertightness of storages
2.12.1 Models for watertightness of storages in many areas of
non-soluble rocks
2.12.2 Watertightness of storage areas formed by soluble rocks
2.12.3 Features which may form local zones of high leakage, from
any storage arca
2.12.4 Watertightness of storages underlain by soils
2.12.5 Assessment of watertightness
2.12.6 Methods used to prevent or limit leakages from storages

CHAPTER 3 GEOTECHNICAL QUESTIONS ASSOCIATED WITH
VARIOUS GEOLOGICAL ENVIRONMENTS
3.1  Granitic rocks
3.1.1 Fresh granitic rocks, properties and uses
3.1.2 Weathered granitic rocks, properties, uses and profiles
3.1.3  Stability of slopes in granitic rocks
3.1.4  Granitic rocks: check list
3.2 Volcanic rocks (intrusive and flow)
3.2.1 Intrusive plugs, dykes and sills
322 Flows
3.2.3  Alteration of volcanic rocks
3.24 Weathering of volcanic rocks
3.2.5 Landsliding on slopes underlain by weathered basalt
3.2.6 Alkali-aggregate reaction
3.2.7 Volcanic rocks (Intrusive and flow) check list of questions
3.3 Pyroclastics
3.3.1 Variability of pyroclastic materials and masses
3.3.2  Particular construction issues in pyroclastics
3.3.3 Pyroclastic materials — check list of questions
3.4 Schistose rocks
3.4.1 Properties of fresh schistose rock substances
3.4.2 Weathered products and profiles developed in schistose rock
3.4.3 Suitability of schistose rocks for use as filter materials,
concrete aggregates and pavement materials
3.4.4 Suitability of schistose rocks for use as rockfill
3.4.5 Structural defects of particular significance in
schistose rocks
3.4.6 Stability of slopes formed by schistose rocks
3.4.7 Schistose rocks — check list of questions

40
43
43
43
44

45
45
59

61
68

68
70

71
71
72
74



3.5

3.6

3.7

3.8

3.9

3.10

TABLE OF CONTENTS

Mudrocks

3.5.1 Engineering properties of mudrocks

3.5.2 Bedding-surface faults in mudrocks

3.5.3 Slickensided joints or fissures

3.5.4 Weathered products and profiles in mudrocks

3.5.5 Stability of slopes underlain by mudrocks

3.5.6 Development of unusually high pore pressures

3.5.7 Suitability of mudrocks for use as construction materials

3.5.8 Mudrocks — check list of questions

Sandstones and related sedimentary rocks

3.6.1 Properties of the rock substances

3.6.2  Suitability for use as construction materials

3.6.3 Weathering products

3.6.4 ‘Weathered profiles, and stability of slopes

3.6.5 Sandstones and similar rocks - list of questions

Carbonate rocks

3.7.1 Effects of solution

3.7.2 Watertightness of dam foundations

3.7.3 Potential for sinkholes to develop beneath a dam,
reservoir or associated works

3.7.4 DPotential for continuing dissolution of jointed carbonate
rock in dam foundations

3.7.5 Potential for continuing dissolution of aggregates of
carbonate rock particles, and of permeable carbonate
substances (Category O carbonate, in each case)

3.7.6 Discussion — potential for continuing dissolution of
carbonate rocks in foundations

3.7.7 Potential problems with filters’ composed of carbonate rocks

3.7.8 Suitability of carbonate rocks for embankment materials

3.7.9 Suitability of carbonate rocks for concrete and
pavement materials

3.7.10 Stability of slopes underlain by carbonate rocks

3.7.11 Dewatering of excavations in carbonate rocks

3.7.12 Carbonate rocks — check list of questions

Evaporites

3.8.1 Performance of dams built on rocks containing evaporites

3.8.2 Guidelines for dam construction at sites which
contain evaporites

3.8.3 Evaporites — checklist of questions

Alluvial soils

3.9.1 River channel deposits

3.9.2 Open-work gravels

3.9.3 Oxbow lake deposits

3.9.4 Flood plain, lacustrine and estuarine deposits

3.9.5 Use of alluvial seils for construction

3.9.6 Alluvial soils, list of questions

Colluvial soils

3.10.1 Occurrence and description

3.10.2 Properties of colluvial soils

3.10.3 Use as construction materials

3.10.4 Colluvial soil — list of questions

vii

99
100
100
101
101
102
102
103
104
105
105
106
106
107
109
109
110
114

117

119

121

122
124
127

128
128
129
129
131
131

132
133
133
135
135
135
135
136
136
136
136
138
139
139



viil

3n

312

TABLE OF CONTENTS

Laterites and lateritic weathering profiles

3.11.1 Composition, thicknesses and origin of lateritic
weathering profiles

3.11.2 Properties of lateritic soils

3.11.3 Use of lateritic soils for construction

3.11.4 Karstic features developed in laterite terrain

3.11.5 Recognition and interpretion of silcrete layer

3.11.6 Lateritic soils and profiles — list of questions

Glacial deposits and landforms

3.12.1 Glaciated valleys

3.12.2 Materials deposited by glaciers

3.12.3 Glaciofluvial deposits

3.12.4 Periglacial features

3.12.5 Glacial environment - list of questions

CHAPTER 4 PLANNING, CONDUCTING AND REPORTING OF

4.1

4.2
4.3
4.4

4.5
4.6
4.7

GEOTECHNICAL INVESTIGATIONS
The need to ask the right questions
4.1.1  Geotechnical engineering questions
4.1.2 Geological questions
Geotechnical input at various stages of project development
An iterative approach to the investigations
Progression from regional to local studies
4.4.1 Broad regional studies
4.4.2  Studies at intermediate and detailed scales
Reporting
Funding of geotechnical studies
The site investigation team

CHAPTER 5 SITE INVESTIGATION TECHNIQUES

5.1
5.2

5.3

54

5.5

5.6

5.7
5.8
5.9

Topographic mapping and survey
Interpretation of satellite images aerial photographs and
photographs taken during construction

5.2.1 Interpretation of satellite images
5.2.2 Interpretation of aerial photographs
5.2.3 Photographs taken during construction
Geomorphological mapping

Geotechnical mapping

5.4.1 Use of existing maps and reports
5.4.2 Geotechnical mapping for the project
Geophysical methods, surface and downhole
5.5.1 Surface geophysical methods

5.5.2 Downhole logging of boreholes

5.5.3 Crosshole and Uphole seismic

Test pits and trenches

5.6.1 'Test pits

5.6.2 Trenches

Sluicing

Adits and shafts

Drill holes

5.9.1 Drilling objectives

140

140
141
142
142
143
143
143
146
146
153
155
158

159
159
159
160
162
163
164
165
165
166
166
167

169
169

170
170
170
173
173
178
178
178
180
181
184
186
186
186
187
189
189
190
190



TABLE OF CONTENTS  ix

5.9.2 Drilling techniques and their application 190
5.9.3 Auger drilling 194
5.9.4 Percussion drilling 195
5.9.5 Rotary drilling 198
5.10 Sampling 204
5.10.1 Soil samples 204
5.10.2 Rock samples 204
5.11 In situ testing 206
5.11.1 In situ testing in soils 206
5.11.2 In situ testing of rock 211
5.12 Groundwater 211
5.13 In situ permeability tests on soil 214
5.14 In situ permeability tests in rock 215
5.14.1 Lugeon value and equivalent rock mass
permeability 215
5.14.2 Test methods 216
5.14.3 Selection of test section 216
5.14.4 'Test equipment 217
5.14.5 Test procedure 221
5.14.6 Presentation and interpretation of results 221
5.15 Use of surface survey and borehole inclinometers 223
5.15.1 Surface survey 223
5.15.2 Borehole inclinometers 224
5.16 Common errors and deficiencies in geotechnical
investigation 224

CHAPTER 6 SHEAR STRENGTH,ICOMPRESSIBILITY AND
PERMEABRILITY OF EMBANKMENT MATERIALS

AND SOIL FOUNDATIONS 231

6.1  Shear strength of soils 231

6.1.1 Drained strength — definitions 231

6.1.2 Development of drained residual strength ¢k 232

6.1.3 Undrained strength conditions 235
6.1.4 Laboratory testing for drained strength parameters,

and common errots 237

6.1.5 Laboratory testing for undrained strength 248
6.1.6 Estimation of the undrained strength from the over-
consolidation ratio (OCR), at rest earth pressure coefficient

Ko, and effective stress strengths. 251
6.1.7 Estimation of the undrained strength of cohesive soils from
in-situ tests 252
6.1.8  Shear strength of fissured soils 257
6.1.9  Estimation of the effective friction angle of granular soils 263
6.1.10 Shear strength of partially saturated soils 266
6.1.11 Shear strength of rockfill 266
6.2 Compressibility of soils and embankment materials 270
6.2.1 General principles 270
6.2.2 Methods of estimating the compressibility of earthfill,
filters and rock#ill 272
6.3 Permeability of soils 282
6.3.1 General principles 282

6.3.2 Laboratory test methods 285



x  TABLE OF CONTENTS

6.3.3 Indirect test methods

6.3.4 Effects of poor sampling on estimated permeability in
the laboratory

6.3.5 In-situ testing methods

CHAPTER 7 CLAY MINERALOGY, SOIL PROPERTIES, AND

7.1
7.2

7.3.

7.4,

7.5

7.6

7.7

DISPERSIVE SOILS
Introduction
Clay minerals and their structure
7.2.1 Clay minerals
7.2.2  Bonding of clay minerals
7.2.3 Bonding between layers of clay minerals
Interaction between water and clay minerals
7.3.1 Adsorbed water
7.3.2 Cation exchange
7.3.3 Tormation of diffuse double layer
7.3.4 Mechanism of dispersion
Identification of clay minerals
7.4.1 X-ray diffraction
7.4.2 Differential thermal analysis {DTA})
7.4.3  Electron microscopy
7.4.4  Atterberg limits
7.4.5 The activity of the soil
Engineering properties of clay soils related to the types of clay
minerals present
7.5.1 Dispersivity
7.5.2  Shrink and swell characteristics
7.5.3  Shear strength
Identification of dispersive soils
7.6.1 Laboratory tests
7.6.2  Field identification and other factors
Use of dispersive soils in embankment dams
7.7.1 Problems with dispersive soils
7.7.2  Construction with dispersive soils
7.7.3  Turbidity of reservoir water

CHAPTER 8 EMBANKMENT DAMS, THEIR ZONING AND

8.1

8.2

8.3

SELECTION
Historic performance of embankment dams and the
lessons to be learned
Types of embankment dams, their advantages and limitations
8.2.1 'The main types of embankment dams and zoning

8.2.2  The general principles of control of seepage pore pressures and

internal erosion and piping

8.2.3 'Taking account of the likelihood and consequences of failure in

selecting the type of embankment

8.2.4  'Types of embankment dams, their advantages, limitations and

applicability

Zoning of embankment dams and typical construction materials

8.3.1 General principles
8.3.2 Examples of embankment designs

286

288
289

291
291
292
292
293
294
296
296
297
298
299
301
301
301
301
302
302

303
303
304
303
305
305
311
312
312
314
315

317

317
319
319

321
322
323
323

323
329



TABLE OF CONTENTS Xl

8.4 Selection of embankment type 334
8.4.1 Availability of construction materials 334
8.4.2 Foundation conditions 338
8.4.3 Climate 339
8.4.4 Topography and relation to other structures 339
8.4.5 Saddle dam 339
8.4.6 Staged construction 340
8.4.7 Time for construction 341

CHAPTER 9 DESIGN, SPECIFICATION AND CONSTRUCTION

OF FILTERS 343
9.1 General requirements for design and the function of filters 343
9.1.1 Functional requirements 343
9.1.2 Flow conditions acting on filters 343
9.1.3 Critical and non-critical filters 344
9.1.4 Filter design notation and concepts 345
9.2 Design of critical and non-critical filters 349
9.2.1 Review of available methods for designing filters with flow
normal to the filter 349
9.2.2 Review of other factors affecting filter design and
performance 357
9.2.3 Review of available methods for designing filters with
flow parallel to the filter 360
9.2.4 Recommended method for design of critical filters, with
flow normal to the filter; 361
9.2.5 Recommended method for design of less critical and
non-critical filters 364
9.3 Assessing filters and transition zones in existing dams 365
9.3.1 Some general issues 365
9.3.2 Continuing and excessive erosion criteria 366
9.3.3 Excessive fines content in filters or transition zones 371
9.4 Design criteria for pipe drains and pressure relief well screens 373
9.4.1 Pipe drains 373
9.4.2 Pressure relief well screens 373
9.5 Specification of particle size and durability of filters 373
9.5.1 Particle size distribution 373
9.5.2 Durability 374
9.6 Dimensions, placement and compaction of filters 379
9.6.1 Dimensions and method of placement of filters 379
9.6.2 Sequence of placement of filters and control of placement
width and thickness 382
9.6.3 Compaction of filters 383
9.7 Use of geotextiles as filters in dams 384
9.7.1 Types and properties of geotextiles 384
9.7.2  Geotextile filter design criteria 387

CHAPTER 10 CONTROL OF SEEPAGE, INTERNAL EROSION AND
PIPING FOR EMBANKMENT DAMS 393
10.1 General requirements and methods of control 393
10.2 Some particular features of rock and soil foundations which affect
seepage and seepage control 394



xii  'TABLE OF CONTENTS

10.3 Details of some measures for pore pressure and
seepage flow control
10.3.1 Horizontal and vertical drains
10.3.2 Treatment of the sides of the cutoff trench
10.3.3 Prevention of “blowup”, “boiling” or “liquefaction” of
the foundation
10.4 Control of foundation seepage by cutoffs
10.4.1 General effectiveness of cutoffs
10.4.2 Cutoff trench
10.4.3 Slurry trench cutoff
10.4.4 Grout diaphragm wall
10.4.5 Diaphragm wall using rigid or plastic concrete
10.4.6 Methods of excavation of diaphragm walls
10.4.7 Permeability of cutoff walls
10.5 We live in a three dimensional world!
10.6 The mechanics of internal erosion and piping
10.6.1 Some general issues
10.6.2 Piping in the embankment
10.6.3 Piping through the foundation
10.6.4 Piping from the embankment into the foundation
10.7 Factors influencing the likelihood of internal erosion and piping
10.7.1 Piping through the embankment
10.7.2 Piping through the foundation
10.7.3 Piping from the embankment to the foundation
10.7.4 How to apply this information

CHAPTER 11 ANALYSIS OF STABILITY AND DEFORMATIONS
11.1 Methods of analysis
11.2 Limit equilibrium anatysis methods
11.2.1 General characteristics
11.2.2 Some common problems
11.2.3 Three dimensional analysis
11.2.4 Shear strength of partially saturated soils
11.3 Selection of shear strength for design
11.3.1 Drained, effective stress parameters
11.3.2 Undrained, total stress parameters
11.3.3 Inherent soil variability
11.4 Estimation of pore pressures and selection of strengths for steady state,
construction and drawdown conditions
11.4.1 Steady state seepage condition
11.4.2 Pore pressures during construction and analysis of stability
at the end of construction
11.4.3 Drawdown pore pressures and the analysis of stability under
drawdown conditions
11.5 Design acceptance criteria
11.5.1 Acceptable factors of safety
11.5.2 Post failure deformation assessment
11.6 Examples of unusual issues in analysis of stability
11.6.1 Hume No.T Embankment
11.6.2 Eppalock Dam
11.6.3 The lessons learnt

397
397
399

400
402
402
403
405
408
409
413
416
417
418
418
418
419
422
422
423
435
438
439

441
441
441
441
445
446
447
448
448
450
453

455
455

460

466
470
470
472
473
473
475
477



TABLE OF CONTENTS

11.7 Analysis of deformations
11.8 Probabilistic analysis of the stability of slopes

CHAPTER 12 DESIGN OF EMBANKMENT DAMS TO WITHSTAND
EARTHQUAKES
12.1 Effects of earthquake on embankment dams
12.2 Earthquakes and their characteristics
12.2.1 Earthquake mechanisms and ground motion
12.2.2 Earthquake magnitude, and intensity
12.2.3 Arttenuation and amplification of ground motion
12.2.4 Earthquakes induced by the reservoir
12.3 Evaluation of seismic hazard
12.3.1 Probabilistic approach
12.3.2 Seismic hazard from known active faults
12.3.3 Other forms of expression of seismic hazard
12.3.4 Selection of design seismic loading
12.3.5 The need to get good advice
12.4 Liquefaction of dam embankments and foundations
12.4.1 Definitions and the mechanics of liquefaction
12.4.2 Soils susceptible to liquefaction
12.4.3 The “simplified procedure” for assessing liquefaction
resistance of a soil
12.5 Post liquefaction shear strength and stability analysis
12.5.1 Some general principles
12.5.2 Method for estimating Sy LQ
12.5.3 Estimation of pore pressure increase due to cyclic loading
12.5.4 Post liquefaction limit equilibrium stability and deformation
analysis
12.6 Seismic stability analysis of embankments
12.6.1 Preamble
12.6.2 Pseudo-static analysis
12.6.3 Simplified methods of deformation analysis for dams where
liquefaction and significant strain weakening do not occur
12.6.4 Numerical methods
12.7 Defensive design principles for embankment dams

CHAPTER 13 EMBANKMENT DAM DETAILS
13.1 Freeboard
13.1.1 Definition and overall requirements
13.1.2 Estimation of wave runup frecboard for feasibility and
preliminary design
13.1.3 Estimation of wind setup and wave runup for
detailed design
13.2 Slope protection
13.2.1 Upstream slope protection
13.2.2 Downstream slope protection
13.3 Embankment crest details
13.3.1 Camber
13.3.2 Crest width
13.3.3 Curvature of crest in plan

xiii

477
479

481
481
482
482
484
485
487
488
438
489
491
491
492
492
492
500

503
515
515
516
518

518
519
519
520

521
528
530

533
533
533

534

534
538
538
544
546
546
547
548



xiv

13.4

13.5

13.6
13.7
13.8

TABLE OF CONTENTS

Embankment dimensioning and tolerances

13.4.1 Dimensioning

13.4.2 Tolerances

Conduits through embankments

13.5.1 Piping into the conduit

13.5.2 Piping along and above the conduit
13.5.3 Flow out of the conduit

13.5.4 Conclusions

13.5.5 Recommendations

Interface between earthfill and concrete structures
Flood control structures

Design of dams for overtopping during construction
13.8.1 General design concepts

13.8.2 Types of steel mesh reinforcement

13.8.3 Design of steel reinforcement

CHAPTER 14 SPECIFICATION AND QUALITY CONTROL OF

14.1
14.2
14.3
14.4

14.5

14.6

EARTHFILL AND ROCKFILL
Specification of rockfill
Specification of earthfill
Specification of filters
Quality control
14.4.1 General
14.4.2 “Methods,” and “performance” criteria
14.4.3 Quality control
14.4.4 Influence of non technical factors on the quality of
embankment dams
Testing of rockfill
14.5.1 Particle size, density and permeability
14.5.2 Field rolling trials
Testing of earthfill
14.6.1 Compaction-test methods
14.6.2 Compaction control — some common problems
14.6.3 Compaction control — some other methods

CHAPTER 15 CONCRETE FACE ROCKFILL DAMS

15.1

15.2

15.3

General arrangement and reasons for selecting this type of dam
15.1.1 Historic development of concrete face rockfill dams
15.1.2 General arrangement — modern practice
15.1.3 Site suitability, and advantages of concrete face rockfill dams
Rockfill zones and their properties
15.2.1 Zone 2D - Transition rockfill
15.2.2 Zones 2E, 3A and 3B — Fine rockfill, rockfill and coarse rockfill
15.2.3 Effect of rock properties and compaction on modulus

of rockfill
15.2.4 Estimation of the modulus of rockfill
15.2.5 Selection of side slopes and analysis of slope stabiiity
Concrete face
15.3.1 Plinth
15.3.2 Faceslab

548
548
549
550
550
552
554
554
555
558
560
561
561
562
567

369
569
572
576
577
577
577
578

579
582
582
583
584
584
586
587

589
589
589
589
593
594
594
596

601
608
612
613
613
616



TABLE OF CONTENTS

15.3.3 Perimetric joint
15.3.4 Crest detail
15.4 Construction aspects
15.4.1 Plinth construction and special derails
15.4.2 River diversion
15.4.3 Embankment construction
15.4.4 Face slab construction
15.5 Some non-standard design features
15.5.1 Use of dirty rockfill
15.5.2 Dams on poor foundation
15.5.3 Plinth gallery
15.5.4 Earthfill cover over the face slab
15.5.5 Spillway over the dam crest
15.6 Observed settlements, and displacements of the face slab, and joints
15.6.1 General behaviour
15.6.2 Post construction crest settlement
15.6.3 Face slab displacements and cracking
15.6.4 Cracks in CFRD dams
15.7 Observed leakage of CFRD
15.7.1 Modern CFRD
15.7.2 Early CFRD and other dams which experienced large leakage
15.8 Framework for assessing the likelihood of failure of CFRD
15.8.1 Overview of approach
15.8.2 Assessment of likelihood of initiation of a concentrated leak
15.8.3 Assessment of the likelihood of continuation of a concentrated leak
15.8.4 Assessment of the likelihood of progression to form a pipe
15.8.5 Assessment of the likeliiood of a breach forming
15.8.6 Concluding remarks
Further Reading

CHAPTER 16 CONCRETE GRAVITY DAMS AND THEIR
FOUNDATIONS
16.1 OQutline of this chapter
16.2 Analysis of the stability for normal operating and flood loads
16.2.1 Design loads
16.2.2 Load combinations
16.2.3 Kinematically feasible failure models
16.2.4 Analysis of stability
16.2.5 Acceptance criteria
16.3 Strength and compressibility of rock foundations
16.3.1 Some general principles
16.3.2 Assessment of rock shear strength
16.3.3 Tensile strength of rock foundations
16.3.4 Compressibility of jointed rock foundation
16.4 Strength of the concrete in the dam
16.4.1 What is recommended in guidelines
16.4.2 Measured concrete strengths from some USA dams
16.5 Strength of the concrete-rock contact
16.6 Uplift in the dam foundation and within the dam
16.6.1 What is recommended in guidelines
16.6.2 Some additional information on uplift pressures

XV

619
624
627
627
628
628
630
631
631
632
634
634
635
636
636
637
640
646
6438
648
654
654
654
657
660
660
661
661
662

663
663
663
663
664
665
666
668
670
670
670
676
676
677
677
677
682
684
684
636



xvi TABLE OF CONTENTS

16.7 Silt [oad
16.8 Ice load
16.9 The design and analysis of gravity dams for earthquake loading
16.9.1 Introduction
16.9.2 Gravity dams on soil foundations
16.9.3 Gravity dams on rock foundations
16.9.4 Concluding remarks

CHAPTER 17 FOUNDATION PREPARATION AND CLEANUP FOR
EMBANKMENT AND CONCRETE DAMS
17.1 General requirements
17.1.1 Embankment dams
17.1.2 Concrete dams
17.1.3 Definition of foundation requirements in
geotechnical terms
17.2 General foundation preparation for embankment dams
17.2.1 General foundation under earthfill
17.2.2 General foundation under rockfill
17.2.3 General foundation under horizontal filter drains
17.3 Cutoff foundation for embankment dams
17.3.1 The overall objectives
17.3.2 Cuatoff in rock
17.3.3 Cutoff in soil
17.4 Width and batter slopes for cutoff in embankment dams
17.4.1 Cutoff width W
17.4.2 Batter slope
17.4.3 Setting out
17.5 Selection of cutoff foundation criteria for embankment dams
17.6 Slope modification and seam treatment for embankment dams
17.6.1 Slope modification
17.6.2 Seam treatment
17.6.3 Dental concrete, pneumatically applied mortar, and
slush concrete
17.7 Assessment of existing embankment dams
17.8 Foundation preparation for concrete gravity dams on rock foundations
17.8.1 'The general requirements
17.8.2 Excavation to expose a suitabie rock foundation
17.8.3 Treatment of particular features
17.8.4  'Treatment at sites formed by highly stressed rock

CHAPTER 18 FOUNDATION GROUTING
18.1 General concepts of grouting dam foundations
18.2 Grouting design — cement grout
18.2.1 Staging of grouting
18.2.2  The principles of “closure”
18.2.3  Effect of cement particle size, viscosity, fracture spacing and
Lugeon value on the effectiveness of grouting
18.2.4 Recommended closure criteria for embankment and
concrete dams
18.2.5 The depth and lateral extent of grouting
18.2.6  Grout hole position and orientation

693
693
693
693
694
694
700

701
701
701
701

704
704
704
704
705
706
706
706
710
710
711
711
711
712
713
713
716

716
718
719
719
719
720
724

729
729
731
731
735

738
740

742
744



18.3

18.4

TABLE OF CONTENTS

Some practical aspects of grouting with cement

18.3.1 Grout holes ‘

18.3.2  Standpipes

18.3.3 Grout caps

18.3.4 Grout mixers, agitator pumps and other equipment
18.3.5 Water cement ratios

18.3.6 Grout pressures

18.3.7 Monitoring of grouting program

18.3.8 Water pressure testing

18.3.9 Type of cement

18.3.10 Prediction of grout takes

18.3.11 Durability of cement grout curtains
Chemical grouts in dam engineering

18.4.1 Types of chemical grouts and their properties
18.4.2 Grout penetrability in soil and rock

18.4.3 Grouting technique

18.4.4 Applications to dam engineering

CHAPTER 19 MINE AND INDUSTRIAL DAMS

19.1
19.2

19.3

19.4

19.5

19.6

General

Tailings and their properties

19.2.1 What are mine tailings?

19.2.2 Tailings terminology and definitions

19.2.3 Tailings properties

Methods of tailings discharge and water recovery

19.3.1 Tailings discharge ‘

19.3.2  Cyclones

19.3.3  Subagqueous vs subaerial deposition

19.3.4 Water recovery

Prediction of tailings properties

19.4.1 Beach slopes and slopes below water

19.4.2 Particle sorting

19.4.3 Permeability

19.4.4 Dry density

19.4.5 The prediction of desiccation rates

19.4.6 Drained and undrained shear strength

Methods of construction of tailings dams

19.5.1 General

19.5.2 Construction using tailings

19.5.3 Construction using conventional water dams

19.5.4 Selection of embankment construction method

19.5.5 Control of seepage by tailings placement, blanket drains
and underdrains

19.5.6 Storage layout

19.5.7 Other disposal methods

Seepage from tailings dams and its control

19.6.1 General

19.6.2 Principles of seepage flow and estimation

19.6.3 Some common errors in seepage analysis

19.6.4 Seepage control measures

19.6.5 Seepage collection and dilution measures

19.6.6 Rehabilitation

xvil

744
744
744
746
747
749
751
752
752
752
753
754
755
755
756
761
762

767
767
767
767
768
770
776
776
777
778
780
781
781
783
784
784
786
786
788
788
789
793
794

794
797
800
804
804
804
806
808
812
314



xviil

(GEOTECHNICAL ENGINEERING OF DAMS

CHAPTER 20 MONITORING AND SURVEILLANCE OF

20.1
20.2

20.3

204

EMBANKMENT DAMS
What is monitoring and surveillance?
Why undertake monitoring and surveillance?
20.2.1 The objectives
20.2.2 Is it really necessary?
20.2.3 Some additional information on embankment dam
failures and incidents
20.2.4 Time for development of piping failure of embankment dams
and ease of detection
What inspections and monitoring is required?
20.3.1 General principles
20.3.2 Some examples of well instrumented embankment dams
20.3.3 Dam safety inspections
How is the monitoring done?
20.4.1 General principles
20.4.2 Seepage measurement and observation
20.4.3 Surface displacements
20.4.4 Pore pressures
20.4.5 Displacements and deformation
20.4.6 Thermal monitoring of seepage

References

Subject Index

819
819
819
819
820

822

824
831
831
833
833
841
841
842
844
844
858
864

867

907



