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Mission of the Bureau of Reclamation

The Bureau of Reclamation of the U.S. Department of the Interior is
responsible for the development and conservation of the Nation's
water resources in the Western United States.

The Bureau’s original purpose “to provide for the reclamation of arid
and semiarid lands in the West” today covers a wide range of interre-
lated functions. These include providing municipal and industrial water
supplies; hydroelectric power generation, irrigation water for agricul-
ture,; water quality improvement; flood control, river navigation, river
regulation and control; fish and wildlife enhancement, outdoor recrea-
tion, and research on water-related design, construction, materials,
atmospheric management, and wind and solar power,

Bureau programs most frequently are the result of close cooperation
with the U.S. Congress, other Federal agencies, States, local govern-
ments, academic Institutions, water-user organizations, and other
concerned groups.
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1. On page 520 (p. 564 of this PDF file), equations (3a) and (3b) should be
rewritten as:
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Preface to the Third Edition

The second edition of Design of Small Dams has
been very popular throughout the world; it has been
published in a number of different languages and
used extensively in the United States. Since the
second edition was published in 1974, there have
been significant revisions in the approaches and
procedures related to the design of dams. Because
of these revisions and the continued demand for this
manual, it was decided that this new third edition
be prepared and published.

The purpose of this third edition has been
changed in scope and intent from that of the second
edition. The title Design of Small Dams has been
retained even though some of the information in
the third edition relates to large dams. Many of the
theoretical concepts presented can be applied to
large or small structures; however, it is recom-
mended that the procedures and methods presented
be used only as guidelines. When preparing the de-
sign of large or complicated structures, especially
those located where they create a high hazard, the
owner should rely on experienced dam engineers,
experienced consultants, or refer to more detailed
references.

Some of the chapters and appendixes have been
revised extensively, while others reflect only minor
revisions. Chapter 1, “Plan Formulation,” has been
condensed to briefly cover only the basic concepts
of plan formulation. The authors of this chapter
concluded that a detailed discussion of plan for-
mulation was not appropriate because the primary
focus of this manual is on design, not project plan-
ning. Also, a discussion of plan formulation, par-
ticularly with an emphasis on Federal plan
formulation requirements, would not be of interest
to a majority of dam designers. The chapter thus
provides a brief discussion of the steps of plan for-
mulation and some of the fundamental tests for the
viability of proposed plans.

Chapter 2, “Ecological and Environmental Con-

siderations,” has been revised to include a discus-
sion on the management of fish and wildlife
resources at completed projects, in addition to new
design considerations. An expanded section on
water quality implications to dam design and op-
eration 1s also included.

Chapter 3, “Flood Hydrology Studies,” has been
completely revised, including incorporating the pre-
vious appendix A, “Estimating Rainfall Runoff
from Soil and Cover Data,” into the chapter. Ref-
erence to the Soil Conservation Services’ curve
number approach for assigning infiltration losses,
the triangular unit-hydrograph approach, and all
discussions and plates providing guidance for es-
timating probable maximum precipitation have
been eliminated. These topics have been replaced
by a treatment of infiltration losses as actually ap-
plied by the Bureau of Reclamation, expanded con-
sideration and guidance relative to the development
of unit hydrographs using the dimensionless uni-
graph and S-graph approaches, and specific ref-
erence to the National Weather Service's
Hydrometeorological Report series as the basis for
developing probable maximum precipitation esti-
mates for the contiguous United States.

Chapter 5, “Foundation and Construction Ma-
terials,” has been updated to incorporate current
standards in foundation and construction materials
investigations. A reservoir studies section has been
added to the section on scope of investigations. The
sections on soil and rock classification have been
updated to reflect current standards, and a new sec-
tion on engineering geophysics has been added to
summarize the capabilities of these methods. The
sections on subsurface explorations and sampling
have been revised extensively to represent new tech-
nology. The logging of explorations has also been
revised to reflect current standards, and the field
and laboratory test section has been updated.
Changes in soil mechanics terminology and soil
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testing procedures generated by revision of the Bu-
reau’s Earth Manual are reflected in this chapter.
The previous table 8, “Average Properties of Soils,”
which is now table 5-1, was recompiled to include
laboratory test results obtained since the last edi-
tion. Figure 5-14, “Permeability of Soils,” was added
to this edition to illustrate ranges of permeability
measured on compacted soil specimens tested at the
Bureau’s laboratory in Denver. The bibliography
has been updated to include selected sources of in-
formation for foundation and construction mate-
rials investigation.

Chapter 6, “Earthfill Dams,” has been revised to
update terminology and reflect design philosophy,
procedures, and standards that have evolved since
1974. The major change is greater emphasis on in-
ternal filtering and drainage to control seepage and
internal erosion within embankment dams. New
figures have been added that show current dam em-
bankments that have been designed and con-
structed by the Bureau of Reclamation. Other
illustrations have been replaced or revised to reflect
current thinking and technology. Liberal reference
is made to design standards that have been devel-
oped as guides for Bureau engineers.

Chapter 7, “Rockfill Dams,” required only minor
revisions; however, the Bureau does not have ex-
tensive experience with the design and construction
of rockfill dams. Design and construction proce-
dures for rockfill dams have changed over the last
two or three decades and continue to do so. The
chapter gives a good general background for the
design of rockfill dams; however, the designer
should also refer to the literature on the subject.

Chapter 8, “Concrete Gravity Dams,” now in-
cludes additional topics, clarification, and more de-
tail. This chapter has also been revised to address
concerns for concrete dams of any height. Sections
on material properties and foundation considera-
tions have also been added. More complete discus-
sions are now included for forces acting on the dam,
requirements for stability, and stress and stability
analyses. Discussions addressing the analysis of
cracked dams have been clarified and expanded to
include analysis during an earthquake. Also, a gen-
eral iterative approach for cracked dam analysis,
applicable for static and dynamic conditions, is now
included.

The “Spillways” and “Outlet Works” chapters, 9
and 10, respectively, now include two new hydraulic
designs for energy dissipators. These designs are a

modified low Froude number basin as an alternative
to basin 4 design, and modifications in the design
criteria for baffled apron spillways to permit their
use for higher unit discharges. Other contemporary
spillway concepts are introduced, although design
criteria are not included because they are still under
development. Included in this category are laby-
rinth weirs where large flows must be discharged in
a limited space such as a narrow canyon, and the
use of air slots (aerators) in spillways where there
is high potential for cavitation damage. Plunge-pool
design criteria have been somewhat improved by the
addition of several references to recent research.
The suggested method for calculating the discharge
under radial gates has been revised to reflect
up-to-date criteria developed by the U.S. Army
Corps of Engineers, Waterways Experiment Sta-
tion. The section on siphon spillways has been
omitted from this edition because they are seldom
used as flow control structures for dams. The bib-
liography has been revised by the removal of ref-
erences that were hard to obtain and by the addition
of many new references that reflect the current
state-of-the-art.

Chapter 12, “Operation and Maintenance,” now
includes additional topics, clarification, and more
detail. The new topics added are “Changes in Op-
erating Plan,” which addresses modification to a
structure to add additional storage or to change the
purpose of allocation of storage; “Emergency Pre-
paredness Plan,” which addresses instructions to an
operator during emergency situations; and “Dam
Operators Training,” which outlines the require-
ments for the training of operators to assure that
operation and maintenance of a facility are per-
formed in an accurate and responsible manner.

Chapter 13 is a new chapter dealing with dam
safety. Although dam safety is always an underlying
consideration in the design, construction, opera-
tion, and monitoring of a dam, the passage of leg-
islation on Safety of Dams has placed additional
emphasis on dam safety; and the inclusion of a
chapter on this subject was believed to be impor-
tant. This chapter presents procedures and refer-
ences to other procedures for the evaluation and
analyses of dam safety issues for both new and ex-
isting dam structures.

The appendix designations have been revised.
The previous appendix A is now part of chapter 3,
and the original appendix H, “Sedimentation,” is
now appendix A. A new appendix H, “Operation



and Maintenance,” presents a checklist for Oper-
ation and Maintenance inspections.

Appendix D, “Soil Mechanics Nomenclature,”
was updated to reflect current terminology in use
from ASTM Designation D-653, “Standard Defi-
nitions of Terms and Symbols Relating to Soil and
Rock Mechanics,” and from USBR 3900, “Standard
Definitions of Terms and Symbols Relating to Soil
Mechanics.” The latter reference is from the Bu-
reau’s recently revised Earth Manual, volume 2,
“Test Designations.”

Appendix E, “Construction of Embankments,”
has been revised to emphasize and more fully de-
scribe construction control philosophy and proce-
dures. Several photographs of more modern
equipment and construction techniques have been
added. The “Rapid Method of Compaction Con-
trol” has been eliminated; the reader is now referred
to the Bureau’s Earth Manual for that procedure.
Terminology has been updated to that currently
used within the Bureau of Reclamation.

A discussion on concrete erosion has been added,
and the discussion on abnormal set of concrete has
been expanded in appendix F, “Concrete in Con-
struction.” The design of concrete mixes has been
revised and includes revisions to tables, forms, and
the steps involved in concrete mix design.

Appendix G, “Sample Specifications,” has been
updated to include guide specifications currently
used by the Bureau of Reclamation.

Throughout the third edition, figures and illus-
trations have been revised and many new figures
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have been added.

The intent of this third edition is to expand dis-
cussion of concepts for design of small to large dams
and to update the different approaches and pro-
cedures being employed in the current state-of-the-
art of planning, design, construction, operation, and
evaluation processes. The text is not intended in
any way to encourage assumption of undue respon-
sibility on the part of unqualified personnel, but
rather to point out the importance of specialized
training. Engineers who do not have specialized
training in dam engineering should seek advice
from experienced consultants.

This manual was prepared by personnel of the
Bureau of Reclamation, U.S. Department of the In-
terior, Denver, Colorado, under the direction of
Darrell Webber, Assistant Commissioner, Engi-
neering and Research, with contributions from the
staff of other Assistant Commissioners. Neil Par-
rett, Chief, Division of Dam and Waterway Design,
established a three-man team to coordinate the as-
sembly of this new edition: Harold K. Blair, Chair-
man, Head, Design Section No. 2 of the Concrete
Dams Branch; Thomas N. McDaniel, Design Man-
ager, Embankment Dams Branch; and Ronald D.
Mohr, General Engineer, Document Systems Man-
agement Branch. Numerous engineers, technicians,
and support personnel participated with this team
in the preparation of this third edition and their
efforts are greatly appreciated. Special recognition
to the many authors, both current and past, is
appropriate:

Current Author(s) Past Author(s)
Chapter 1 W.C. Dunkin, C.W. Huntley A.F. Johnson
Chapter 2 J.C. Hokenstrom E.A. Seamen, L.W. Davidson
Chapter 3 A.G. Cudworth, Jr. D.L. Miller, R.A. Clark,
S. Schamach
Chapter 4 T.N. McDaniel, H.K. Blair H.G. Arthur
Chapter 5 S.R. Bartlett, R.C. Hatcher J.W. Hilf
Chapter 6 T.N. McDaniel H.G. Arthur
Chapter 7 T.N. McDaniel R.W. Bock, L.W. Davidson
Chapter 8 H.L. Boggs, C.C. Hennig A.T. Lewis, J.S. Conrad, E.L.
Watson, L.M. Christiansen
Chapter 9 H.K. Blair, T.J. Rhone C.J. Hoffman
Chapter 10 H.K. Blair, T.J. Rhone C.J. Hoffman
Chapter 11 T.N. McDaniel, H.K. Blair E.R. Lewandowski
Chapter 12 W.P. Gersch, L.J. Yocom H.G. Arthur
Chapter 13 H.J. Warren, D.G. Achterberg,
D.J. Trieste
Appendix A R.I. Strand, E.L.. Pemberton R.I. Strand



viii

Current Author(s) Past Author(s)
Appendix B R.I. Strand, T.J. Rhone C.J. Hoffman, J.M. Lara,
R.I. Strand
Appendix C R.A. Simonds, H.K. Blair P.K. Bock, C.J. Hoffman
Appendix D R.A. Young J.W. Hilf
Appendix E T.N. McDaniel J.W. Hilf
Appendix F J.L. Hart J.E. Backstrom, L.C. Porter,
E.L. Ore, G.B. Wallace
Appendix G J.L. Hart, R. Wright, R.E. Fink, N.F. Larkins,
R.H. Restad, T.N. McDaniel E.R. Lewandowski
Appendix H W.P. Gersch, L.J. Yocom

Preparation of the manuscript for publication sional references to proprietary materials or prod-
was performed by the personnel of the Planning  ucts in this publication. These references are not

and Editing Section, Document Systems Manage- to be construed in any way as an endorsement be-
ment Branch, A. J. Huber, Branch Chief. cause the Bureau does not endorse proprietary
The Bureau of Reclamation expresses apprecia-  products or processes of manufacturers or the ser-

tion to the organizations who have permitted the  vices of commercial firms.
use of their material in this text. There are occa-



Preface to the Second Edition

The first edition of “Design of Small Dams” was
published to serve primarily as a guide to safe prac-
tices for those concerned with the design of small
dams in public works programs in the United
States. Its publication was warmly received and, in
the intervening years since then, it has been widely
used in the United States, reprinted numerous
times, and translated into many foreign languages,
including Korean, Spanish, Japanese, and Chinese.

Since publication of the first edition of “Design
of Small Dams,” a large body of new literature has
become available to dam designers, and many new
design procedures used at the Bureau of Recla-
mation have been changed to reflect more.modern
technigues. As the number of changes in design
techniques increased, it became apparent that their
incorporation in a second edition would be bene-
ficial to those individuals and agencies concerned
with small dams.

The purpose of the second edition remains es-
sentially the same as for the first edition. Many of
the design procedures proposed in the first edition
remain virtually unchanged. However, a number of
new procedures have been developed by the Bureau
and are currently in use. To make this new infor-
mation available generally, it is included in the sec-
ond edition. The increased concern of the Bureau
of Reclamation with environmental problems is re-
flected by the inclusion of chapter II, “Ecological
and Environmental Considerations.” This chapter
outlines some of the practical measures which may
be tz2ken to reduce the environmental and ecological
impact of a project. Chapter I1I has been extensively
revised to include current methods of design flood
computation and to incorporate new graphical data.

Chapter V has been revised to reflect the avail-
ability of current information concerning founda-
tion design and to include supplemental foundation
investigation procedures. Chapter VI contains ad-
ditional material on the design of earth dams, a

discussion of the slurry trench method of cutoff
construction, earthquake considerations, soil-
cement design criteria, additional design details,
and a more extensive reference list. The discussion
of rockfill dam design has been considerably ex-
panded in chapter VII to reflect the recent interest
in rockfill dams and the growth of available infor-
mation on this subject. Baffled spillway design pro-
cedures have been incorporated in chapter IX, and
additional information on tunneling has been pre-
sented in chapter X. Appendix A includes new in-
formation on the estimation of rainfall runoff from
soil cover data, and an expanded discussion of flow
in natural channels is contained in appendix B. Ap-
pendix C includes new tables for the design of both
reinforced concrete pressure pipe and cast-in-place
conduits, and appendix E has a more complete dis-
cussion of the rapid method of compaction control.
Appendix G has been expanded to include speci-
fications concerning air and water pollution, and
each specification has been updated to reflect cur-
rent Bureau requirements. A new appendix on res-
ervoir sedimentation is presented in appendix H,
which outlines current procedures used to estimate
the rate of sedimentation and the period of time
before sediment will interfere with the useful func-
tions of the reservoir. A convenient list of conver-
sion factors is presented in appendix I to facilitate
the increased utilization of metric units. Many mi-
nor changes have been made throughout the text to
reflect current design and construction techniques.

It is intended that this book will provide the de-
signer with an important source of information.
However, this text is not intended in any way to
encourage the assumption of undue responsibility
on the part of unqualified personnel, and the use
or application of the methods and data contained
herein is strictly the responsibility of the person
utilizing the material. Designs should reflect the
actual site conditions and should not merely be pat-

iX



terned after a successful design used at another
location.

Periodically, the names of Bureau of Reclamation
projects and features are changed by acts of Con-
gress, Federal agencies, etc., and therefore there
may be a few inconsistencies in the project and fea-
ture names referred to in the text.

Some recent changes include the following:

Cachuma Dam to Bradbury Dam

Wasco Reservoir to Clear Lake

Soap Park Reservoir to Milly K. Goodwin Lake

Missouri River Basin Project to Pick-Sloan
Missouri Basin Program.

There are occasional references to proprietary
materials or products in this publication. These
must not be construed in any way as an endorse-
ment since the Bureau cannot endorse proprietary
products or processes of manufacturers or the ser-
vices of commercial firms for advertising, publicity,
sales, or other purposes.

The second edition was prepared by the engineers
of the Bureau of Reclamation, U.S. Department of
the Interior, at its Engineering and Research Center
in Denver, Colo. A number of engineers and tech-
nicians participated in the preparation of the sec-
ond edition and in its critical review, and the efforts
of these persons are greatly appreciated. Special

recognition is given to H. G. Arthur, Director of
Design and Construction, for his overall guidance
in preparation of the text and to Dr. J. W. Hilf,
Chief of the Division of Design, for his technical
advice.

The second edition of the text was coordinated,
edited, and much supplemental technical informa-
tion provided by L. W. Davidson, Civil Engineer,
Earth Dams Section. Detailed editorial guidance,
final review, and preparation of the manuscript for
publication was performed by W. E. Foote of the
Technical Services Branch.

The Bureau of Reclamation again expresses
grateful appreciation to those organizations which
have permitted the use of material from their pub-
lications, especially the National Oceanic and At-
mospheric Administration, U.S. Department of
Commerce, for material used in chapter III; the Soil
Conservation Service, U.S. Department of Agri-
culture, whose material was used in appendix A; the
U.S. Geological Survey of the Department of the
Interior, who supplied material used in chapter V;
and the Corps of Engineers, U.S. Department of
the Army, whose report on slurry trench construc-
tion was used in the preparation of chapter VI. Ac-
knowledgments to other organizations which
furnished lesser amounts of material are given
throughout the text.



Preface to the First Edition

This book presents instructions, standards, and
procedures for use in the design of small dams. It
is intended to serve primarily as a guide to safe
practices for those concerned with the design of
small dams in public works programs in the United
States. The book will serve this purpose in three
ways: (1) It will provide engineers with information
and data necessary for the proper design of small
dams, (2) it will provide specialized and highly tech-
nical knowledge concerning the design of small
dams in a form that can be used readily by engineers
who do not specialize in this field, and (3) it will
simplify design procedures for small earthfill dams.

An earlier publication, “Low Dams” which was
prepared in 1938 by the National Resources Com-
mittee, presented much useful information on the
design of small dams. In the 20 years that have
elapsed since the printing of that book, however,
there have been many technical advances in the
design of dams, and the need for a new work in-
corporating the latest design techniques has become
increasingly evident. It is believed that this book,
“Design of Small Dams,” will fill that need. The
new book retains much of the format of “Low
Dams” and some of the material from the earlier
publication has been incorporated in the new one,
but most of the text is wholly new.

Although this text is related almost exclusively
to the design of small dams and appurtenant struc-
tures, it is important that the designer be familiar
with the purposes of the project, the considerations
influencing its justification, and the manner of ar-
riving at the size and type of structure to be built.
For these reasons, an outline discussion of a desir-
able project investigation has been included in
chapter L.

Only the more common types of small dams now
being constructed are discussed. These include con-
crete gravity, earthfill (rolled-type), and rockfill
dams. Emphasis is placed on the design of rolled

earthfill dams because they are the most common
type. For the purpose of this book, small dams in-
clude those structures with heights above
streambed not exceeding 50 feet except for concrete
dams on pervious foundations. For the latter struc-
tures, the maximum height is further limited to
dams whose maximum net heads (headwater to tail-
water) do not exceed 20 feet. The text is not in-
tended to cover dams of such large volumes that
significant economies can be obtained by utilizing
the more precise methods of design usually reserved
for large dams. In recognition of the limited engi-
neering costs justified for small dams, emphasis is
placed on efficiency and relatively inexpensive pro-
cedures to determine the necessary design data.
Simplified design methods are given to avoid the
complex procedures and special investigations re-
quired for large dams or for unusual conditions. Ad-
equate but not unduly conservative factors of safety
are used in the simplified design methods.

Small dams are properly considered to be asso-
ciated with small streams and drainage areas of lim-
ited extent. For these situations or for those in
which spillway capacity is obtainable at relatively
low cost, a sufficient approximation of the inflow
design flood discharge may be determined by pro-
cedures given in this text. For important projects,
particularly where the spillway cost is a major item
of project cost and thus may have an important
bearing on project feasibility, more exact and com-
plex studies which are beyond the scope of this text
may be justified.

This text is addressed to the designer of the struc-
ture and does not include in its scope the field of
construction practices or methods. However, as the
integrity of the design requires adherence to lim-
iting specifications for materials and to the practice
of good workmanship in construction, appendixes
are included on “Construction of Embankments,”
“Concrete in Construction,” and “Sample Speci-
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fications.” More detailed specifications will be re-
quired to ensure proper construction of any specific
dam.

This text is not intended in any way to encourage
assumption of undue responsibility on the part of
unqualified personnel, but rather to point out the
importance of specialized training and to stimulate
wider use of technically trained and experienced
consultants.

This text should be of service to all concerned
with the planning of small water storage projects,
but in no way does it relieve any agency or person
using it of the responsibility for safe and adequate
design. The stated limitations of the design pro-
cedures should be heeded.

This book was prepared by the engineers of the
Bureau of Reclamation, U.S. Department of the In-
terior, at Denver, Colo., under the direction of
Grant Bloodgood, Assistant Commissioner and
Chief Engineer, and L. G. Puls, Chief Designing
Engineer. More than 30 engineers and many tech-
nicians participated in the preparation of the book

or in its critical review, and the efforts of all of these
are gratefully acknowledged. Special recognition is
given to O. L. Rice, Chief of the Dams Branch, for
his guidance and counsel, especially in determining
the scope and treatment of the text.

The text was coordinated and edited by H. G.
Arthur, Supervisor, Design Unit, Earth Dams Sec-
tion, and final review and preparation of the man-
uscript for the printer was by E. H. Larson, Head,
Manuals and Technical Records Section.

The Bureau of Reclamation expresses grateful
appreciation to those organizations which have per-
mitted the use of material from their publications,
especially the Soil Conservation Service, U.S. De-
partment of Agriculture, whose material was used
in appendix A; and the Corps of Engineers, U.S.
Department of the Army, whose Technical Manual
TM 5-545 was freely used in the preparation of part
D of chapter V. Acknowledgments to other organ-
izations furnishing a lesser amount of material are
given throughout the text.
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Chapter 1

Plan Formulation

The plan formulation process consists of iden-
tifying water-related needs and opportunities, de-
veloping alternative plans that provide for those
needs and opportunities, and selecting the plan
from among those alternatives that most effectively
and efficiently provides for those needs and oppor-
tunities. Identification of the needs and opportu-
nities is done primarily through public involvement,
which includes the client and interested agencies.
Plan formulation includes economic, social, envi-
ronmental, engineering, hydrologic, land classifi-
cation, legal, and institutional considerations.

Some of the more common water-related needs
and opportunities are agricultural irrigation, mu-
nicipal and industrial uses, power generation, flood
control, instream flow augmentation, groundwater
recharge, recreation, fish and wildlife habitat, and
pollution abatement.

Plan formulation is an iterative process of com-
paring and selecting from alternative plans until the
most acceptable plan is identified.

The following sequence of steps can serve as a
helpful guide in plan formulation for a water re-
sources study:

a. Preliminary identification of needs and

opportunities.

b. Preliminary decisions on possible alternative
plans for providing for the needs and
opportunities.

c. Preliminary estimate of prospective differ-
ences among the alternatives, expressed in
physical or nonmonetary terms.

d. Translation of descriptions of the differences
among the alternatives into rough estimates
of the benefits and costs in monetary terms,
their times of occurrence, and their conver-
sions to approximately equivalent values for
a common time period.

e. Evaluation of nonmonetary effects of the
plan, such as expected environmental and so-
cial effects.

f. Analysis and comparison of the rough mone-
tary and nonmonetary estimates, and selec-
tion of those alternatives justifying further
study.

g. Progressive refinements in physical, eco-
nomic, environmental, and social evaluations;
and selection of the more promising alter-
natives for more detailed study.

h. Progressive reexamination of problems and
opportunities, alternative plans previously
considered, and new alternatives that may be
conceived in light of the results and refine-
ments of progressive investigations and
analyses.

i. Selection among the few remaining alterna-
tives, giving consideration to more detailed
studies, to comparative benefits and costs in
monetary terms, and to differences among al-
ternatives that are not readily reducible to
monetary terms.

j. Selection of a single plan from the surviving
alternatives, with further analysis using pro-
gressive levels of development to determine
the optimum project size, and with consider-
ation given to such concerns as pertinent laws,
interstate compacts, and fiscal and adminis-
trative policies of relevant governing and fi-
nancing organizations.

In practice, the relationships of engineering, eco-
nomic, hydrologic, environmental, and social prin-
ciples and criteria of plan formulation should be
well understood. These relationships should be ap-
plied at all stages of the planning investigations and
analyses from the beginning resource inventories
and field inspections, through the increasing stages
of refinement, to the time that one plan is selected
for detailed investigation and evaluation.

The viability of proposed plans can be tested to
a substantial degree by applying four tests:
(1) completeness, (2) effectiveness, (3) efficiency,
and (4) acceptability. These four tests are set out



in the “Economic and Environmental Principles
and Guidelines for Water and Related Land Re-
sources Implementation Studies,” dated March 10,
1983, as published by the U.S. Water Resources
Council. While the tests, as extracted from that
document and stated below, are intended for guid-
ance for Federal agencies, they are appropriate for
the evaluation of any plan for use of water
resources.

The four tests are:

(1) Completeness.—The extent to which a given
alternative plan provides and accounts for all
necessary investments or other actions to en-
sure the realization of the planned effects.
This may require relating the plan to other
types of public and private plans if the other

(2)

(3)

(4)
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plans are crucial to realization of the con-
tributions to the objective.
Effectiveness.—The extent to which an al-
ternative plan alleviates the specified prob-
lems and achieves the specified
opportunities.

Efficiency.—The extent to which an alter-
native plan is most cost effective in alle-
viating the specified problems and realizing
the specified opportunities, consistent with
protecting the nation’s environment.
Acceptability.—The workability and viability
of the alternative plan with respect to ac-
ceptance by State and local entities and the
public; and compatibility with existing laws,
regulations, and public policy.



Chapter 2

Ecological and
Environmental Considerations

A. INTRODUCTION

2.1. Planning.—Proper planning of dams re-
quires a heightened awareness of our natural and
human environment. Concern for environmental
quality includes concern for the air and water, our
natural ecological systems, and our cultural re-
sources. Many laws and regulations now reflect this
concern and require the consideration of environ-
mental factors in planning.

Recent legislation and public concern require
agencies to provide detailed statements of the sig-
nificant environmental impacts of the proposed ac-
tions that can affect the quality of the environment.
Reports meeting this requirement have become
widely known as EIS’s (Environmental Impact
Statements). The demand for these reports has re-
sulted in the establishment of numerous companies
whose primary purpose is to develop technically ad-
equate EIS’s and extensive literature on environ-
mental assessment methods [1, 2, 3, 4, 5, 6]'. In
many instances, the objective appears to be the de-
velopment of an EIS; however, the goal is not better
documents but decisions that better balance the use
of water resources with the protection and enhance-
ment of environmental quality.

Legislation and public concern have fostered a
multiobjective approach to water development and
more serious consideration of the potential envi-
ronmental consequences of development. Environ-
mental aspects must be considered from the initial
planning and design of a project through its con-
struction and operation [7, 8]. This requires the
actions of an interdisciplinary (and in some cases
interagency) team representing a wide range of ex-

"Numbers in brackets refer to entries in the bibliography (sec. 2.10).

pertise, including economics, engineering, design,
biology, recreation, hydrology, and sociology. The
disciplines involved in each study should be based
on the natural and physical resources involved in
that study. It is through the effective interactions
of the team members that arrangements are made
to accommodate environmental concerns early in
the planning rather than through mitigating ac-
tions after the project is completed.

The enhancement of existing resources and the
complete avoidance of adverse environmental ef-
fects are not always possible. In addition, benefits
to one resource may result in the loss of another
resource; e.g., impounding a stream may create a
dependable water supply but eliminate terrestrial
resources within the permanent pool area. It is the
job of a planning team to develop plans that result

. in impacts that are more positive than negative. In

many cases, adverse environmental impacts can be
reduced significantly through the careful design,
construction, and operation of project features.

The purpose of this chapter is to describe ways
to plan for environmental resources and to identify
some practical solutions to the common environ-
mental problems that frequently confront project
planners and designers. Because each project pre-
sents unique problems, the reader is encouraged to
consult the publications referenced in the bibliog-
raphy at the end of this chapter (sec. 2.10) and other
publications on this subject. Designers and planners
are encouraged to consult experts in the environ-
mental sciences to identify the opportunities for
enhancing natural resources and to develop creative
solutions for lessening adverse impacts.
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B. GENERAL ENVIRONMENTAL ISSUES

2.2. Requirements.—Subsequent sections of
this chapter deal with the environmental issues
generally encountered in all water resource devel-
opment projects. A list of environmental factors
that might be important in a specific project would
be extensive. Therefore, each study should identify,
or “scope,” the environmental issues that could sig-
nificantly affect planning. In many instances, these
issues are specific legal requirements (local, State,
or Federal regulations) that must be addressed. The
appropriate agencies should be consulted for com-
pliance procedures. In the United States, the ap-
propriate Federal agencies include the Fish and
Wildlife Service, Forest Service, National Park Ser-

vice, National Marine Fisheries Service, and the
Environmental Protection Agency. State agencies
include game and fish, recreation, public health,
historic preservation, and water resource organi-
zations. Each study should involve a unique com-
bination of agencies, depending on the resources
involved.

2.3. Categories of Resources.—The general
categories of resources that should be considered
include air quality, water quality, prime and unique
farmlands, wild and scenic rivers, endangered spe-
cies, wetlands, unique natural areas, wilderness
areas, sound quality, visual quality, and geologic for-
mations [9].

C. FISH AND WILDLIFE CONSIDERATIONS

2.4. General.—Experience in Federal water re-
sources development indicates that fish and wildlife
resources may represent a major portion of the en-
vironmental concerns that should be addressed be-
fore project construction and operation. These
resources include animal species with economic im-
portance because of their uses as food and for com-
merce, species with recreational importance
because of their uses in hunting and fishing, and
endangered species with ecological importance be-
cause of the concern for their protection. Species
that are indicators of environmental health and
species with esthetic appeal should also be
considered.

Because of the complexity of fish and wildlife
resource problems that, on the surface, appear sim-
ple, it is imperative that professional fish and wild-
life biologists be actively involved in project
planning and design. Those professionals familiar
with the resources in the planning area should be
consulted early in the planning phase. The appro-
priate agencies can supply valuable information on
local wildlife habitats and populations. Their in-
volvement can result in the avoidance of critical
resource areas, and their suggestions can help en-
hance particular resources. Where adverse impacts
are unavoidable, they can recommend actions (de-
signs and management methods) that can partially
or completely mitigate project impacts.

Reservoirs can be of significant benefit to certain
fish and wildlife species when the biological re-

quirements of these species are considered during
the planning, design, and operation of the reservoir
project. The following sections discuss how fish and
wildlife may be affected by dams and reservoirs, and
describe certain features that can be incorporated
into a project design to reduce adverse impacts or
to directly benefit certain groups of species.

2.5. Ecological and Environmental Considera-
tions for Fish.—Impacts to fish and other aquatic
life resulting from the construction of a dam and
subsequent impoundment of water can be caused
by the change from flowing to standing water con-
ditions, by the modification of downstream flows,
by changes in temperature and water quality con-
ditions, or by the addition of physical barriers to
both usptream and downstream movements.

The most dramatic impact is caused by the con-
version of a portion of a free-flowing stream or river
system to a standing-water system. Depending on
the numerous physical and chemical variables of the
site, the temperature and water quality conditions
could change so as to significantly affect project
uses, including fish and wildlife and recreation.
Water quality issues in reservoir design are dis-
cussed in greater detail in part E of this chapter.

In most instances, either the species of fish that
occupy the new reservoir are different from those
in the stream, or the ratio of the various species
contributing to the total population is significantly
changed. If a significant fishery exists in the stream
or if the project is to provide fishing opportunities,
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the planning study needs data accurate enough to
assist in the design of alternatives that will maxi-
mize fishery benefits in the new reservoir, but will
avoid adverse impacts downstream. The agencies
responsible for fish management should be con-
sulted for such a project.

Assessment of existing and potential fishery re-
sources may, depending on the significance of the
resource and the amount of available data, require
sophisticated population or habitat studies. Where
migratory species (salmon, trout, shad, striped bass,
etc.) are important, tagging or radio-tracking tech-
niques may be necessary. In recent years, there has
been an increased emphasis on more accurate de-
termination of the flow conditions that optimize
fish habitat for the various life stages (spawning,
fry, juvenile, and adult) [10, 11, 12]. Depending on
the resource involved, the study methods can vary
in the amount of time, money, and technical ex-
pertise needed to obtain adequate information. Pre-
dictions of reservoir populations are often made by
comparing the physical and chemical properties
with those of other reservoirs in the same area [13].

In cases where stored water will be used to gen-
erate hydroelectric power in a peaking pattern, the
installation of a reregulation dam downstream from
the discharge point should be considered if a sig-
nificant fishery resource exists, or high recreational
use is expected. This reregulation structure should
balance high and low flow conditions which, if un-
regulated, could strand fish and recreationists, ex-
pose spawning areas, and scour the stream bottom,
possibly reducing the production of aquatic food.

In relatively small rivers and streams, it is often
possible to create habitat conditions that increase
fish populations. Where pools are limiting, the con-
struction of bank deflectors or small dams can di-
rect the current so that scour holes are developed
[14, 15] (see fig. 2-1). These structures can be very
effective, yet they require little maintenance if
properly located and constructed. Wing deflectors
can be placed to direct the stream current to avoid
excessive erosion, permitting the area to stabilize
and reducing the amount of sediment entering the
stream. Riprap and rock-filled gabions can also ef-
fectively control erosion. Underbank (escape) cover
can be developed through the construction of
overhanging structures: using logs securely an-
chored into the bank and covered by planking and
sod (fig. 2-2). Where spawning habitat is limited or
inaccessible because of the dam, construction of

spawning channels and riffle areas have sometimes
been beneficial (fig. 2.3).

When the construction of a dam will create a
barrier to upstream and downstream fish move-
ments where fish populations are an important re-
source (e.g., salmon), the design should include
facilities for fish passage. Several design features
are possible alternatives. Although none of these
are completely effective in passing fish, they can
reduce adverse impacts significantly. The types of
structures include fishways (or ladders), conduits,
and turbine bypasses [14]. At some facilities, trap-
ping and hauling have been selected as the most
cost-effective solution.

The fish ladder is perhaps the most common
method used to facilitate fish passage. These struc-
tures generally consist of a series of stepped pools
separated by weirs. Another type of passage struc-
ture, the Denil-type fishway, consists of a chute
with energy dissipating vanes in the sides and bot-
tom that reduce the water velocity enough to permit
fish to ascend. Figure 2-4 shows yet another design,
the Alaska steep pass fishway, at Ice Harbor Dam
in Alaska. [14].

To direct fish to passage areas and to reduce the
possibility of their entry into intake structures, sev-
eral types of excluding devices have been used.
These devices include stationary and moving
screens (fig. 2-5), louvered deflectors, and electric
weirs [14]. Where specific requirements for fish pas-
sage or exclusion are required, designs may be de-
veloped with the help of the U.S. Fish and Wildlife
Service or the State fishery agency.

Within the reservoir, there are several factors
that should be considered and evaluated to enhance
the value of the anticipated fishery. Results from
water quality and temperature studies should in-
dicate whether the reservoir will thermally stratify.
If stratification is expected, the reservoir may be
suitable for management as a “two-story” fishery,
with warm-water species occupying the upper layer
(epilimnion), and cool or cold-water species estab-
lished in the lower layer (hypolimnion). Manage-
ment of the hypolimnion assumes that oxygen will
be available in an acceptable concentration, which
is determined in the water-quality studies. In strat-
ified reservoirs, the installation of a multilevel in-
take structure may be desirable for both reservoir
and downstream management.

When preparing the reservoir area, it is often
advantageous to leave some trees and shrubs in the
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Figure 2-4.——Alaska steep pass fishway, fish ladder. Ice Harbor Dam, Alaska. P801-D-81028

permanent pool area as cover and feeding areas for
fish [16]. This should be balanced with the recre-
ational objectives of boating and water skiing. Ar-
tificial spawning areas can also be developed with
successful results in certain situations (e.g., using
stone substitutes).

It may be desirable to eradicate fish from drain-
ages contributing to the reservoir to reduce the in-
fluence of undesirable species on a new reservoir
and to provide stocked sport fish with at least a
temporary advantage. The use of fish toxicants,
such as rotenone, is usually the preferred method.
The decision to use fish toxicants should be made
after consultation with Federal and State fish agen-
cies as part of an overall fish-management plan.

Where possible, the reservoir should contain a
permanent conservation pool to ensure the contin-
ued survival of fish species. When pool levels are
lowered in response to other project purposes, the
changes should generally be gradual to avoid
stranding desirable species. However, it may be ad-
vantageous at times to effect a rapid drawdown to

strand eggs of undesirable species, such as carp. At
other times, the fish manager may recommend in-
creasing the water level, then holding it constant
to enhance the spawning of desirable species.

2.6. Ecological and Environmental Considera-
tions for Wildlife.—Impacts to wildlife resulting
from the construction and operation of a reservoir
can be caused by the loss and modification of their
habitat and the disruption of movement patterns.
These impacts may be caused by direct and by in-
direct actions. Certain impacts, such as inundation
of habitat within the reservoir area, are unavoidable
if project purposes are to be met. Nevertheless,
other impacts can be reduced through design con-
siderations, and still others can be offset only by
including separable wildlife features.

Ecological complexities and legal requirements
make it imperative that wildlife agencies be in-
volved from the initial project planning. An im-
portant contribution of these agencies can be the
identification of important or critical wildlife areas.
Foreknowledge of this kind can often be used to
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avoid adverse impacts to these resource areas.

In the past, the importance of a wildlife resource
was measured, to a large extent, by its significance
as a recreation base (hunting, nature study, etc.).
However, in the past 10 to 12 years, the emphasis
has shifted to methods that measure various eco-
logical factors. These methods vary in both the type
of information developed and their time and cost

of application. The methods now used include pop-
ulation census, remote sensing, radio telemetry,
habitat analysis, and mathematical models [17, 18,
19, 20].

To offset the loss of inundated wildlife habitat,
the wildlife value of noninundated areas may be
increased (increase carrying capacity). Perhaps the
most widely used practice to increase the value of
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an area for wildlife is to exclude livestock (and hu-
mans in some instances) by fencing, while allowing
wildlife to pass. Fencing is also used to exclude wild-
life from hazardous areas and from areas where
wildlife could interfere with project operations (e.g.,
canals) or could be a hazard to humans (e.g., in an
automobile collision). The kinds of animals to be
excluded must be considered in the design of the
fence. By varying the fence design, livestock can be
excluded while permitting antelope to pass over or
under the fence (fig. 2-6).

Wildlife habitat can also be improved through
the selective planting of the trees, shrubs, and
grasses that provide needed food and cover (fig.
2-7). Depending on the frequency and length of in-
undation, areas within the boundaries of the fluc-
tuating pool can be managed effectively for wildlife.
The types of plants selected are of critical impor-
tance and should be selected by experienced wildlife
managers [21, 22]. Where project lands are already
under agricultural development or where lands are
suitable for cropping, wildlife benefits can be ob-
tained through a share-cropping arrangement, in
which the user is required to leave a portion of each
year’s crop to provide winter food and cover. Pro-
ceeds from the lease of the land can be used to help
offset annual wildlife operation and management
costs.

Enhancement of the habitat for some species
may occur as a result of dam construction. Addi-
tional nesting sites for certain wildlife species (e.g.,
ducks, geese, and raptors) can be developed through
the use of constructed nesting devices (fig. 2-8).
Constructed islands can also serve as excellent nest
sites provided water-level fluctuations are not great
during the nesting season (fig. 2-9). The construc-
tion of subimpoundments within the main pool area
can provide pair and brood habitat for waterfowl
and habitat for other marsh species. These sub-
impoundments can also serve as sediment and nu-
trient traps in areas on the contributing watershed
where erosion is a problem.

At projects where power is produced, high-
voltage towers, poles, and transmission wires can
pose serious obstacles for birds. In addition to
strikes (flying into a structure), large birds, such as
eagles and hawks, risk electrocution. The careful
design of these features can greatly reduce their
potential for adverse impacts [23]. In addition,
transmission-line rights-of-way can be planted with
vegetation that will not interfere with operation or

maintenance, but will benefit many species of
wildlife.

Operation (storage and release of water) of the
reservoir can usually be modified to benefit wildlife
and fish without affecting other project purposes.
Figure 2-10 presents a graphic representation of
typical seasonal water-level fluctuations at a warm-
water reservoir. In such reservoirs, operational
plans can be devised that increase game and forage
fish production and waterfowl use, while decreasing
turbidity and rough fish populations.

Canals associated with many reservoir projects
pose special problems to wildlife and wildlife man-
agers [24, 25). Although canals may not cause a
significant loss of habitat, they can trap thirsty or
migrating animals unless certain design features are
incorporated. The problem occurs when wildlife are
attracted to open canals for water or try to cross a
canal that has interrupted a seasonal or daily mi-
gration route. An animal can become trapped and
eventually drown in a canal because of its steep or
smooth sides or its high water velocity. This prob-
lem can be especially critical in areas with large
populations of deer and antelope.

To reduce the severity of this problem, canals
can be fenced or even covered in certain critical,
high-use areas. Where canals are fenced, drinking
access areas should be provided. This usually in-
volves a simple flattening of the side slopes. To per-
mit crossing, bridges should be constructed at
specified intervals and at regular crossing points
(fig. 2-11). In areas where fencing or covering are
impractical, the canal side slopes should be rough-
ened or provided with cleats-to allow escape. In
addition, turnouts and deflectors can be installed
to direct animals into the areas of reduced current
where escape ramps are located (fig. 2-12). Once a
project is operational, it may be necessary to add
certain escape or access restriction features after
problem areas have been empirically identified.
Nevertheless, animal drowning cannot be com-
pletely avoided.

Wildlife and water resource development can ex-
ist in harmony if there is a commitment on the part
of developers and environmental groups to com-
promise. The important point is that a wildlife
management plan should be developed by profes-
sional wildlife managers. A well-formulated plan
can benefit wildlife resources, generate revenues to
help offset management costs, and help create a
positive public image.
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Figure 2-9.—Constructed nesting islands. Canyon Ferry Reservoir, Montana. From [14]. P801-D-81029

D. WATER QUALITY

2.7 General.—The quality of the water im-
pounded by a dam must be considered in the plan-
ning and design of a project. If the water is of
inferior quality for intended users (irrigators, mu-
nicipalities, industry), if it unnecessarily impairs
the habitat for the fish and wildlife in the reservoir
or downstream, or if the reservoir is subject to ex-
cessive algal growth that reduces the attractiveness
of the area for recreation, then the reservoir should
be considered a partial failure because anticipated
project benefits will not be fully realized.

In the past, water quality issues were seldom con-
sidered except as an afterthought. More recently,
attempts have been made to evaluate these effects
as part of the environmental impact analysis. Like
other environmental issues, water quality consid-
erations should be an integral part of the planning
and design process to avoid water quality-related
failures. In general, the analyses described in the
following paragraphs should be completed for each
reservoir. If any of these analyses indicate potential

problems, the project should be reexamined to de-
termine whether changes can reduce these problems
to an acceptable level.

(a) Water Quality Analysis.—The suitability of
the water quality for the intended uses should be
determined. A sufficient number of water samples
should be collected and analyzed to accurately char-
acterize the water to be stored. The number of sam-
ples and the extent of laboratory analysis required
depends somewhat on the intended uses.

Water intended solely for irrigation may be de-
scribed adequately by the analysis of 12 to 20 rep-
resentative samples collected over a typical annual
cycle and analyzed for common ions and boron.
However, water for human consumption should be
analyzed for all contaminants listed in the appro-
priate drinking water standard (e.g., “Environmen-
tal Protection Agency National Primary and
Secondary Drinking Water Regulations”). Several
years of data may be required to properly evaluate
the suitability of potable water. For aquatic life,
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other water-quality parameters are important: an
appropriate sampling program generally focuses on
common ions, physical properties, dissolved gasses,
trace metals, pesticides, and nutrients. The extent
of sampling for each of the above groups depends
on the intended uses of the water and the results
of initial analyses.

(b) Effects of Design and Operating Criteria.—
The effects of proposed design and operating cri-
teria on the water quality should be evaluated both
in the reservoir and downstream. Various tools are
available to perform some of the required analyses.
One of the basic factors that affects most water-
quality parameters is the temperature regime. For-
tunately, fairly reliable temperature simulation
models are available to predict temperature profiles
in reservoirs [27, 28, 29]. From the temperature sim-
ulation, it is possible to determine the time of initial
stratification, the strength of the thermocline, and
the temperature profile. Some of the significant fac-
tors affecting the thermal regime are solar radia-
tion, air temperature, sky cover, wind speed,

location (latitude, longitude, and elevation),
amount and location of inflows and discharges, and
the depth, surface area, and volume of the reservoir.

.The temperature regime influences many of the

other measures of water quality both in the reser-
voir and below the dam.

Some of these other parameters, such as the TDS
(total dissolved solids), dissolved oxygen, and nu-
trients, can be also modeled [28]. However, except
for the TDS and to a lesser extent dissolved oxygen,
mathematical simulations of these parameters for
planned reservoirs are generally less reliable than
temperature simulation models. Other tools useful
in water quality analyses include physical modeling,
algal assay tests, and anaerobic lake-bottom sim-
ulations. The procedures for assessing the eutro-
phication potential of planned reservoirs have been
described in other texts [30].

Water quality can be affected by the design and
operational features of the reservoir. The obvious
impacts are those associated with the location of
outlets. Bottom withdrawals result in cooler water
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Figure 2-12,

downstream and warmer water in the reservoir.
Withdrawals from the epilimnion (from near the
surface) result in warmer water downstream and
cooler water in the reservoir. Bottom withdrawals
also tend to flush nutrients and sediment out of the
reservoir. The timing of releases can also influence
the water quality. Other effects may be more subtle.
It is clear, however, that water quality aspects
should be evaluated for various reservoir and outlet
configurations.

Once the reservoir models are operational, it is
fairly easy to evaluate the effects on the water qual-
ity of changes in the reservoir—its size, outlet con-
figuration, or operating procedures. The analysis of
those constituents not subject to direct simulation
is usually aided by temperature and dissolved ox-
ygen models.

(c) Design Considerations.—Water quality is af-
fected by various elements of the design. The pri-
mary factor in controlling water quality is the
selection of the damsite. Ideally, the dam should be
located on a reach of stream that has high quality

-Revised Richmond deer-escape ramp. Water flow is from left to right. From [14]. P801-D-81031

water. Obvious sources of pollution, such as con-
taminated tributaries, old mine spoils rich in heavy
metals, and saline springs, should be avoided. Once
the site is selected, water quality can be controlled
somewhat by designing the outlet works, as dis-
cussed previously in section 2.7(b). It is important
to specify the water-quality goals of the project in
advance because of the possible tradeoff between
water quality in the reservoir and water quality
downstream. Other design factors include the ex-
tent to which vegetation is removed from the res-
ervoir and the possibility of eliminating potential
sources of pollution, e.g., excavation of mine tailings
in the watershed or pool area.

The design should provide some flexibility to
deal with water quality problems. For example, mul-
tilevel outlets can be provided so that water from
different elevations can be blended to control
(within limits) the quality of the outflows (fig. 2.13).

Nevertheless, if a reservoir does not stratify,
multilevel outlets are ineffective. In the early 1960’s,
a reservoir was constructed in Kansas with a four-



18

DESIGN OF SMALL DAMS

Upstream face of dam

Gate chamber and

id
Footbridge access shaft

T T T 1 T T T T 1 Tt T

T T 7

Multilevel
intakes

i
i?” i e X T
/2 4 - el s+ o rvuns S
ﬁ Earill L e o of - T > 2 - S 3 ;J
A% = \\ 2 VANDEVENTER
o o
% °/

Figure 2-13.—Multipurpose intake structure with multilevel outlet potential.

level outlet structure. However, because its reser-
voir is wide, shallow, and subject to considerable
wind action, the waters are consistently well-mixed;
therefore, the multiple outlets have little effect on
the water quality. Thus, a thorough understanding
of stratification is vital for an effective design.

An aeration system can be designed to improve
the quality of the reservoir water by destratifying
the water column and increasing the dissolved ox-
ygen content (fig. 2-14). An aeration system can
also reduce the concentrations of many contami-
nants, which remain in solution only under the an-
aerobic (no oxygen) conditions that occur in the
hypolimnion of a stratified reservoir.

At a reservoir in Colorado, which may have a
tendency to develop excessive concentrations of
heavy metals at certain times of the year, the un-
derwater portion of a reaeration system (perforated
pipes and the necessary supports) was designed and

103-D-1800.

constructed before the reservoir was filled. The rest
of the reaeration system (motors and compressors
to provide air to the underwater pipes) will be in-
stalled, if needed, when the reservoir is operational.
A reaeration system could also be designed and in-
stalled after the reservoir is completed. Some res-
ervoirs in California have been successfully
retrofitted with diffused-air systems, which provide
partial destratification and control the temperature
and dissolved oxygen in the reservoir. These sys-
tems have improved the water quality substantially.

Other designs that benefit water quality include
the modification of turbines to increase the dis-
solved oxygen in discharges through powerplants
and the installation of deflectors on outlet works
to reduce nitrogen supersaturation below the dam.
However, these problems do not normally affect
small dams.

E. ARCHEOLOGICAL AND HISTORICAL CONSIDERATIONS

2.8. Requirements.—During the planning of a
water development project, a professional archeol-
ogist should conduct a thorough search of the rec-
ords relating to the location of known historic and
archeological sites within the project area. The
Government agencies responsible for the preser-
vation of such resources should be consulted about
the legal requirements. Furthermore, the entire
project area should be surveyed to identify previ-

ously undiscovered sites. Emphasis should be
placed on those areas that are to be physically mod-
ified (e.g., the reservoir area, damsite, and recrea-
tion sites). Before construction, the entire project
area should be subjected to a complete ground sur-
vey [31]. If historical or archeological sites are dis-
covered during construction, activity should be
stopped and a professional archeologist should be
contacted.
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F. RECREATION CONSIDERATIONS

2.9. Planning for Recreation Facilities.—It is
generally acknowledged that, if access is available,
a reservoir will be used for recreation. Water at-
tracts people as a recreation medium (e.g., for swim-
ming, fishing, and boating) and as a general feature
of the area that enhances other activities, such as
picnicking, camping, and sightseeing. In the plan-
ning and design of a reservoir, every effort should
be made to maximize recreation benefits in a man-
ner consistent with other project purposes. In most
instances, recreation is not a major purpose of small
projects, but can make an important contribution
to overall benefits.

Before serious planning can be undertaken, the
type and amount of use for recreation must be es-
timated. Assistance should be sought from the Gov-

ernmental outdoor recreation agencies, and the
State Comprehensive Outdoor Recreation Plans
should be consulted. In developing a recreation plan
for a reservoir, it is necessary to estimate total use
and determine how the use will be distributed be-
tween day use and overnight, or long-term, activi-
ties. The proximity to population centers, unique
qualities of the area, and project purposes affect the
type and amount of use expected.

Where minimal use is anticipated or where spon-
sors cannot be found to share the costs of recreation
facilities and management, minimum facilities for
health and safety may be provided. This may in-
volve one or more parking areas with sanitation
facilities, trash disposal sites, and a boat ramp.

When more than the minimum facilities are
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needed, design and planning become much more
complex. In these situations, the recreation planner,
landscape architect, fish and wildlife biologists, and
representatives of the other necessary disciplines
must work together to avoid conflicts with other
project purposes.

Reservoir operation has perhaps the most sig-
nificant effect on the location and design of rec-
reation facilities. For irrigation and flood-control
reservoirs, and to a much lesser extent hydroelectric
power reservoirs, the extent and duration of water-
level fluctuations determine the location of recre-
ation features. If boat docks and launch facilities
are to be installed in these types of reservoirs, they
must be désigned to be functional over the range of
water levels expected (fig. 2-15 shows a Corps of
Engineers’ design for a floating dock that is func-
tional over a range of water levels). In addition,
facilities to be located within the flood pool must

be designed to withstand specified periods of in-
undation without significant damage.

Usually, water-dependent features should not be
located at the upstream end of a reservoir. Depo-
sition of sediment over time can result in the reces-
sion of the shoreline and the creation of marsh-type
conditions, leaving the facilities “high and dry.”

In many cases, zoning both the water and land
surfaces can reduce the conflicts among the inter-
ests of people, fish and wildlife, and project oper-
ations. Power boating may be excluded from all or
parts of a reservoir to avoid conflicts in areas ex-
pected to experience much fishing, in areas of crit-
ical importance to breeding waterfowl or nesting
raptors, in fish-spawning areas, and around swim-
ming areas. Land areas can be zoned to separate
day-use from overnight facilities and trailers from
tent camps, and to limit activities in areas intended
for low-intensity use.
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Ideally, recreation facilities should be located
and designed so that they will be in harmony with
the natural setting. Whenever possible, these fa-
cilities should be constructed with natural materials
so that they will be unobtrusive.

Where high use is anticipated, a visitors’ center
can be built at the damsite or at an appropriate
viewing location. Exhibits explaining the purpose
of the project, its history, local cultural and histor-
ical features, local wildlife, and other aspects of the
area can enhance a visitor’s enjoyment and
appreciation.

Downstream areas can also be developed for fish-
ing, boating, and hiking. Where reservoir operation
results in significant flow fluctuations (velocity and

rapid elevation change caused by hydropeaking),
safety features should be included. These features
can include fencing to prevent access to high-risk
areas and sound alarms and signs to warn of chang-
ing conditions.

Effective maintenance of the facilities is impor-
tant if the anticipated recreation benefits are to be
realized. Trash-disposal facilities should be pro-
vided at convenient locations, and toilet facilities
should be available at all camping areas and near
all areas of heavy use. Camping should be restricted
to designated areas and limited to the identified
carrying capacity to avoid a decrease in the quality
of the recreation experience.
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Chapter 3

Flood Hydrology Studies

3.1. Purpose and Scope.—The information in
this chapter is intended for use by hydrologic en-
gineers in the preparation of flood hydrology studies
necessary for the design of dams and their appur-
tenant features. This chapter provides general guid-
ance for estimating both the magnitude and
frequency of floods. Directions are also provided for
the preparation of flood hydrology reports, which
document the bases for and the results of flood hy-
drology studies.

3.2. Background.—Design-flood hydrographs
or parts thereof (peak or volume) are required for
sizing the hydraulic features of a variety of water-
control and conveyance structures. In the case of
dams and their appurtenant features, flood hydro-
graphs are required for the sizing of spillways and
attendant surcharge storage spaces. A flood hydro-
graph is a graphical or tabular representation of the
variation of discharge over time, at a particular
point on a watercourse. Various types of flood hy-
drographs represent different conditions:

(a) PMF Hydrograph.—The PMF (probable
maximum flood) hydrograph represents the maxi-
mum runoff condition resulting from the most se-
vere combination of hydrologic and meteorologic
conditions considered reasonably possible for the
drainage basin under study. The PMF is used by
design and construction organizations as a basis for
design in those cases where the failure of the dam
from overtopping would cause loss of life or wide-
spread property damage downstream.

(b) Specific-Frequency Flood Hydrograph.—The
second type of flood hydrograph includes those that
represent an assigned, or specific, frequency of oc-
currence. In the field of flood hydrology, “frequency
of occurrence” is defined as the probability of a
flood of a given magnitude being equaled or ex-
ceeded within a specified period, usually one year.
Specific-frequency flood hydrographs are primarily
used in the design of facilities to provide for the

care and diversion of flows during the construction
of water-control structures, such as dams. Where
the hazard potential below the proposed damsite is
negligible, a flood of a specific frequency or one that
is a percentage of the PMF may be used for deter-
mining the spillway size and surcharge storage re-
quirement. Specific-frequency flood hydrographs or
their peak discharges are also used in the design of
cross-drainage facilities.

3.3. Basic Hydrologic and Meteorologic
Data.—The compilation and analysis of hydrologic
and meteorologic data accumulated during and after
severe flood events is necessary for every flood-
hydrology study. Hydrologic data include records of
runoff accumulated at continuous recording
streamflow gauges and at crest-stage streamflow
gauges, indirect peak-discharge measurements, and
reservoir operation records from which inflow hy-
drographs may be determined. Meteorologic data
include precipitation, temperature, and wind rec-
ords collected at official National Weather Service
first- and second-order climatological stations; data
from supplemental precipitation surveys (com-
monly called bucket surveys) conducted immedi-
ately after severe storm events to supplement data
collected at official National Weather Service sta-
tions, and snow surveys conducted by Federal, State
and local agencies in areas susceptable to signifi-
cant snowmelt runoff.

3.4. Hydrologic Data.—(a) Recorded Stream-
flow Data.—These data are collected primarily by
the USGS (U.S. Geological Survey) at continuous-
recording streamflow gauging stations. They are
compiled and published by the USGS in a series of
“Water Supply Papers.” Generally, these publica-
tions present the streamflow in terms of the average
daily flow for each day for the period the stream
gauge has been in operation. However, their value
is limited for flood hydrograph analyses, for all but
the largest drainage basins and, therefore, they are

23
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rarely used in such analyses. Average daily-flow val-
ues are developed from recorder charts that provide
a continuous record of river stage versus time, at
each gauging site. River stage is shown on the re-
corder chart as the elevation, in feet, above some
arbitrary datum. Copies of these charts can be ob-
tained from the USGS together with the rating
curve for each gauging station. The rating curve
presents the relationships between the discharge,
in cubic feet per second, and the river stage above
the arbitrary datum, in feet. A hydrograph repre-
senting the discharge in cubic feet per second can
then be developed for a particular location by read-
ing the river stage values at selected time intervals
from the recorder chart and converting these values
to discharge, using the rating curve for that station.
The time interval selected is important to success-
ful flood-hydrograph analysis. The rationale and
method for selecting an appropriate time interval
is discussed in section 3.9(b) “Unit Hydrograph Lag
Time.”

“Water Supply Papers” also present the instan-
taneous peak discharge for each gauging station for
every year that station has been in operation. These
data form the basis for developing annual peak
discharge-frequency relationships, discussed in sec-
tion 3.12, and peak discharge envelope curves, dis-
cussed in section 3.11.

(b) Peak Discharge Data.—Because the cost of
installing, operating, maintaining, compiling, and
publishing the data is high, there are relatively few
continuous-recording stream gauges, considering
the number of rivers and streams in the United
States. To supplement the recording stream-gauge
network, networks of crest-stage gauges have been
established in many regions of the country. These
are simple devices consisting of a length of 2-inch-
diameter pipe mounted vertically on a post or bridge
pier. The pipe is capped at each end, and the lower
cap is perforated on the side facing the flow to per-
mit the entry of water. A graduated rod is placed
inside the pipe and granulated cork is placed inside
the pipe at the bottom. The water that enters during
floods causes the cork to rise and adhere to the rod
up to the maximum stage reached. This maximum
stage is then related to the discharge by using a
rating curve, if one exists, or by the slope-area
method of indirect peak-discharge measurement.

3.5. Meteorologic Data.—Systematic acquisi-
tion of precipitation data is accomplished primarily
through the efforts of the NWS (National Weather

Service). The NWS maintains a network of “first
order” weather stations. Each station in this net-
work collects continuous precipitation, tempera-
ture, wind, and relative humidity data.

Supplemental data on historical and recent
storms are acquired for the determination of PMF’s
and the development of operating procedures for
flood routing through reservoirs. Because more re-
cording rain gauges operate now than ever before,
more complete data are available for recent storms.
However, the network of precipitation stations is
still far from sufficient to provide the data neces-
sary for detailed analyses of storm precipitation. It
is therefore necessary, after outstanding storms, to
supplement the data obtained at rain gauges with
“unofficial” observations made by individuals, ra-
dio and T.V. stations, and city and county
departments.

3.6. Field Reconnaissance of Drainage Basins
for Flood Hydrology Studies.—Before the initia-
tion of the flood hydrology study, except those con-
ducted at the appraisal level, a field reconnaissance
should be made of the subject drainage basin. The
purpose of this reconnaissance is to identify and to
document in a trip report the pertinent physical
features of the basin, including existing water-
control facilities, that will affect the magnitude and
timing of flood runoff. The reconnaissance party
should observe and document the following four pri-
mary characteristics of the drainage basin.

(a) Drainage Network.—Particular emphasis
should be placed on observing and documenting the
hydraulic roughness characteristics of the drainage
network, or hydraulic systems, of the basin. This is
most readily accomplished by visually inspecting
representative reaches of the network and assigning
average Manning’s n (roughness coefficient) values
to these reaches. It should be kept in mind that the
n values assigned are to reflect extreme flood con-
ditions, specifically considering overbank flow,
meander cutoff, scour, and the time of year the flood
is likely to occur. The values and the reaches should
be delineated on the maps used in the field recon-
naissance. These values will be averaged and will form
the basis for selecting an appropriate coefficient for
the unit hydrograph lag equation. An excellent guide
for use in the selection of Manning’s n values is the
USGS “Water Supply Paper 1849: Roughness Char-
acteristics of Natural Channels.” This publication
provides measured Manning’s n values for a variety
of natural channel and overbank conditions, accom-
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panied by color photographs of the measured sections
and associated channel reaches.

The channels should be described in the recon-
naissance report. The description should include a
discussion of the type of channel (swale, well-
incised, etc.), the character of the overbank areas
(heavily wooded, grass covered, etc.), and the ma-
terials (boulders, cobbles, native soil, etc.) that form
the channel bed and overbank areas. This infor-
mation is also useful for future reference.

Photographs, preferably in color, should be in-
cluded as supplementary information in each re-
connaissance report and should be appropriately
referenced in the narrative portion of the report.

The density of the well-defined channels that
make up the drainage network should be observed
and described in the reconnaissance report. These
descriptions will necessarily be somewhat subjec-
tive, but will enhance information shown on top-
ographic maps. The discussion should also include
information on the extent of overland flow. This
type of flow occurs in those portions of a basin
where runoff must flow in sheets before reaching a
point where it is concentrated in a channel or swale.

(b) Soil and Geologic Conditions.—Soil condi-
tions, the types of soils in the drainage basin and
the locations of each type of soil, should be observed
and documented on a suitable map. In general, the
soils should be classified using the four general Soil
Conservation Service types discussed in section
3.9(e) “Infiltration and Other Losses.” Systematic
observations and adequate documentation of these
observations should provide the basis for selecting
the appropriate minimum infiltration rates used in
the development of PMF hydrographs.

The general geologic setting should be described
in the reconnaissance report. In a number of areas
in the United States underlain with limestone beds,
depressions in the land surface have developed.
These depressions, called “sinkholes” or “playas,”
usually impound water that does not contribute to
the runoff. These areas can have a significant effect
on the flood runoff that can be expected from a
drainage basin. Therefore, it is of prime importance
that such areas be identified, delineated on a map,
and assessed regarding their impounding capability.
Such features should also be fully discussed in the
field reconnaissance report. This discussion should
be supplemented with color photographs as
appropriate.

(c) Vegetative Cover.—To adequately estimate

infiltration-loss characteristics and unit hydro-
graph parameters, it is necessary to be familiar with
the vegetative cover of the drainage basin. There-
fore, during the field reconnaissance, it is necessary
to observe and document the types, area, and lo-
cation of vegetation in the basin. Ground obser-
vation supplemented, if possible, with aerial
photographs is probably the best way to accomplish
this task. The results should be delineated on the
map used in the field reconnaissance and should be
discussed in the reconnaissance report, which
should also include color photographs.

(d) Land Use.—Most drainage basins above pro-
posed dams are natural or undeveloped basins. If
this is the case, it should be so stated in the recon-
naissance report. However, portions of drainage
basins are sometimes used for agriculture (including
both crops and livestock grazing), forestry (tree
harvesting, particularly in the Pacific Northwest),
or urban development. The extent and intensity of
agricultural and forestry land uses should be de-
termined during the field inspection and properly
documented in the reconnaissance report.

To assess urban development, future develop-
ments as well as those existing should be consid-
ered. Therefore, when inspecting an area near an
expanding urban center, the local government
should be contacted and a projected land-use map
secured. Knowledge of projected urban land use is
of considerable importance because the rainfall-
runoff response of an urbanized drainage basin is
usually significantly different from the response the
same basin would experience in a nonurbanized
condition. For example, in a relatively flat area of
central Texas, the peak discharge for a particular
basin increased by a factor of almost eight after the
basin was completely urbanized, although the rain-
fall stayed essentially the same. If urbanization be-
comes a factor in a flood study, the projected urban
development map should be obtained from a reliable
governmental source and included in the flood
study report.

(e) Significant Nearby Basins.—If the route of
travel to or from the basin to be inspected passes
near a basin where a significant flood event has
been recorded, that basin should also be inspected.
Observations of the types listed in this section
should be made and documented in the reconnais-
sance report for the nearby basin. These observa-
tions may help confirm or determine hydrologic
parameters used in the flood study for the subject
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basin or for other ungauged basins within the
hydrologically homogeneous region.

3.7. Field Reconnaissance Report.—This doc-
ument should be prepared as soon after the field
inspection is completed as practicable. The report
should, as a minimum, contain the following items:

{(a) The date or dates of the field reconnaissance

and the names and offices of those on the
field reconnaissance team

(b) The places and offices visited and the indi-

viduals contacted

(c) The purpose of the trip, including appropri-

ate references to the formal and informal cor-
respondence that prompted the field
reconnaissance

(d) A synopsis of the trip, including a description

of the route traveled and the observations
made to define the drainage network, soil
and geologic conditions, vegetative cover,
land use, and pertinent water control facil-
ities in the drainage basin

(e) Conclusions reached on hydrologic parame-

ters, including the unit hydrograph lag time,
time versus rate-of-change of discharge, in-
filtration rates, and relative forest cover (for
snowmelt analyses)

3.8. Development of Probable Maximum
Storms.—Probable maximum storms for drainage
basins in the United States located east of the 105°
meridian are developed using regionalized criteria
contained in National Weather Service HMR (Hy-
drometeorological Report) 51 and 52. Probable max-
imum storms for drainage basins located west of
the Continental Divide are developed using criteria
presented in HMR 36, 43, and 49. For the region
between the 105° meridian and the Continental Di-
vide, probable maximum storms are developed us-
ing HMR 55.

The paragraphs that follow discuss, in general
terms, the methodologies used in the hydromete-
orological reports mentioned above,

(a) Hydrometeorological Reports 51 and 52.—
PMP (probable maximum precipitation) estimates
for the United States east of the 105° meridian for
storms with areas of 10 to 20,000 mi? and durations
from 6 to 72 hours are provided in HMR 51. Using
the procedures contained in HMR 52, these precip-
itation estimates can be applied to a specific drain-
age to derive the site-specific basin average PMP.
In addition, HMR 52 expands upon the storm-
related estimates found in HMR 51 by providing a

temporal distribution for durations less than 6
hours.

The PMP values derived from procedures con-
tained in HMR 51 are regionalized estimates; that
is, 1solines of PMP are given on a map that allows
determination of storm-related PMP over a region,
within the limits set on area and duration in the

. report. Derivation of these estimates began with

obtaining maximum observed area precipitation
data for various durations of recorded major storms.
The observed areal precipitation values from each
storm were adjusted for maximum moisture poten-
tial. This adjustment involved increasing the storm
precipitation to a value consistent with the maxi-
mum moisture in the atmosphere that could rea-
sonably be expected at the location and time
(month) of occurrence. These adjusted precipita-
tion values were then transposed to the limits of a
homogeneous region relative to the terrain and me-
teorological features associated with the storm that
produced the particular rainfall. A set of regional
charts for selected storm areas and durations were
developed on which the adjusted-transposed area
precipitation from each critical storm was plotted.
Smooth regional isohyets were analyzed on each
chart. The general shape and gradients of the iso-
hyets were patterned after several rainfall indexes,
such as minimum envelopment of greatest daily and
weekly rainfall amounts, 100-year rainfall analysis,
and regional distributions of maximum persisting
12-hour dewpoints. A grid was established for these
charts, from which area-duration precipitation val-
ues were read. These values were then enveloped
by area and duration and plotted on a new set of
area-duration charts, from which a revised, smooth
regional analysis was developed and checked. The
envelopment process was considered necessary to
compensate for the random occurrence of large
rainfall events. In othetr words, a particular region
may not have experienced equally efficient storm
mechanisms for all pertinent storm areas and
durations.

Final charts of PMP are presented in HMR 51.
These charts present the PMP’s for storms of 6,
12, 24, 48, and 72 hours and with areas of 10, 200,
1,000, 5,000, and 10,000 mi2% From these charts, the
storm PMP can be obtained for any storm with an
area and duration within the limits set by the re-
port, in the region in the United States east of the
105° meridian.

Procedures are provided in HMR 52 that trans-
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late the storm average PMP area values obtained
from HMR 51 to a spatially and temporally dis-
tributed estimate of storm PMP. The results of the
application of those procedures found in HMR 52
to a particular basin are estimates of site-specific,
basin average PMP.

The temporal distribution of rainfall, included
in HMR 52 for use in PMF studies, was derived by
examination of the actual occurrence of incremen-
tal precipitation from critical storms of record.
Analysis of these storms also led to the adoption of
an elliptically shaped ischyetal storm pattern hav-
ing a major to minor axis ratio of 2.5 to 1. The storm
PMP is reduced to account for the restrictions or
preferences of the orientation of the probable max-
imum storm pattern relative to the orientation of
the subject drainage basin. Using the depth-area-
duration information from critical storms of record,
the spatial distributions of rainfall (the degree of
precipitation concentration within the isohyetal
pattern) was developed. Determination of the
proper spatial distribution led to the concept of re-
sidual precipitation, which is the rainfall outside
the PMP portion of the rainfall pattern and not
considered to be equal to the PMP in magnitude.
Use of this important concept permits the deter-
mination of concurrent precipitation; i.e., the pre-
cipitation occurring on an adjacent drainage basin.

The combined use of HMR 51 and HMR 52 per-
mits the development of site-specific drainage av-
erage PMP for the subject drainage basin.
Accordingly, this value provides the PMF that will
be derived from the hydrologic analysis.

(b) Regionalized Procedures West of the Conti-
nental Divide.—Probable maximum storm esti-
mates for basins west of the Continental Divide may
be developed using procedures presented in HMR
43, Probable Maximum Precipitation, Northwest
States; HMR 49, Probable Maximum Precipitation,
Colorado River and Great Basin Drainage; and HMR
36, Interim Report-Probable Maximum Precipita-
tion in California. In these regionalized studies, the
local storm (thunderstorm) is considered unique
and is not enveloped with general storm depth du-
ration data, as was the case for regionalized general
storm criteria for the region east of the 105°
meridian.

To compute general storm PMP for a drainage
basin, characteristics such as the size, width, ele-
vation, and location of the basin must be known.
Convergence precipitation is determined by refer-

ring to the regionalized convergence precipitation
index map for basin locations and refining the val-
ues taken from the map for basin area and temporal
distribution. The orographic PMP component is
determined by reading the average basin index from
regional maps and refining that index the account
for the basin area, basin width with respect to in-
flow winds, and temporal distribution. The indexes
for each time increment for both the convergence
and orographic PMP’s are added to determine the
total PMP. The PMP temporal distribution can
then be rearranged using several generalized dis-
tributions presented in the reports, or it may be
patterned after a historic severe storm that has oc-
curred in or near the basin.

The general storm isohyetal pattern is assumed
to fit perfectly over the drainage basin being stud-
ied, and the average basin precipitation for 72 hours
should equal the total PMP calculated by the gen-
eral method. If an isohyetal pattern or area distri-
bution is necessary, a severe historic storm pattern
and distribution is used.

Temperature, dew point, and wind values may be
computed from criteria presented in the reports
for snowmelt calculations. Seasonal variations of
PMP for use in frozen-ground, rain-on-snow, or
snowmelt-flood computations may be determined
using the generalized criteria, nomograms, tables,
and graphs in HMR 36, HMR 43, and HMR 49,

Estimates of the local, or thunderstorm, PMP
may be determined for the Colorado River and
Great Basin drainages and for the California region
using the criteria in HMR 49. Local-storm proce-
dures for the Northwestern States are in HMR 43.

To derive a local storm for areas less than 500
mi? and for durations less than 6 hours, the average
1-hour, 1-mi? PMP is chosen from regionalized
charts in the appropriate HMR. These values are
then reduced for basin elevation and area and dis-
tributed over time. Elliptically shaped isohyetal
patterns are used to calculate PMP so that the
basin shape and storm center locations are consid-
ered for appropriate hydrologic analysis.

The methodology for determining PMP is set
fourth in the HMR’s in simple, easy-to-follow, se-
quential procedures. Supporting data, upon which
the criteria were developed, are also shown in these
publications: HMR 37, Meteorology of Hydrologi-
cally Critical Storms in California; and HMR 50,
Meteorology of Important Rainstorms in the Colo-
rado River and Great Basin Drainages.
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Revision and refinement of regionalized PMP
procedures, techniques, and methodology in the
data-deficient West is an ongoing process. As new,
severe storms are recorded, regionalized procedures
are evaluated for their adequacy. When deficiences
are noted, revisions and refinements are made and
documented in subsequent reports.

3.9. Flood Runoff from Rainfall. —In 1932,
Leroy K. Sherman was the first to propose the unit
hydrograph approach to convert rainfall on a drain-
age basin to runoff from that basin. Sherman’s ap-
proach, which was formally presented in the April
7, 1932 issue of Engineering News-Record, has, with
continued use, undergone considerable refinement
since that time. The advent of high-speed electronic
computers led hydrologists to devise approaches us-
ing complex watershed models as alternatives to the
unit hydrograph model to predict the runoff re-
sponse to the rainfall in a drainage basin. Because
these complex watershed models generally require
considerable calibration to adequately represent the
physical properties of a basin, much effort is needed
in the field and office to acquire data on these
properties.

In the final analysis, the relative worth of an
approach is measured by how well that approach
reproduces actual, recorded flood events. Compar-
ative studies have indicated that both approaches
can satisfactorily reproduce these events, and nei-
ther is superior to the other. Accordingly, the Bu-
reau of Reclamation has retained the unit
hydrograph approach because if its simplicity, its
reliability, and the relatively low costs of applying
it in flood hydrology studies.

(a) Basic Unit Hydrograph Theory.—The basic
concept of the unit hydrograph theory can be under-
stood by considering a situation in which a storm
of, say, 1-hour duration produces rainfall at a con-
stant rate, uniformly over the drainage basin above
arecording stream gauging station. Assume that the
rainfall rate is such that 1 inch of the total rainfall
does not infiltrate into the soil, but runs off over
the ground surface to tributary watercourses, even-
tually arriving at the stream gauging station. The
runoff at the gauging station will be recorded to
form'a hydrograph representing the temporal dis-
tribution of discharge from 1 inch of “rainfall ex-
cess” occurring in 1 hour. This hydrograph is the
“l-hour unit hydrograph” for the drainage basin
tributrary to the gauging station. The unit hydro-
graph in this case is said to have a “unit duration”
of 1 hour.

Now consider the situation for the same basin in
which the rainfall excess is 2 inches in a 1-hour
period. The unit hydrograph theory assumes that
the 1-hour hydrograph ordinates are proportional
to the rainfall excess. It then follows that the runoff
hydrograph at the gauging station resulting from
these 2 inches of rainfall excess can be predicted
by multiplying each of the 1-hour unit hydrograph
ordinates by 2. This, of course, is true for any mul-
tiple or fraction of an inch of rainfall excess, as
shown on figure 3-1.

Until now the discussion has considered an iso-
lated rainfall event sustained for a time equal to
the unit duration of the unit hydrograph. Nature,
unfortunately, does not usually behave in such a
simplistic manner. The severe storms that occa-
sionally occur at every drainage basin, regardless of
location, are both longer in duration and more var-
ied in intensity from one “unit” period to another.

Figure 3-2 depicts, in graphical form, the manner
in which the unit hydrograph approach takes com-
plex storms into consideration. Note that each of
the five increments of precipitation excess results
in an incremental runoff hydrograph. These are
shown by the plots labled 1.5, 1.2, 0.8, 0.6, and 0.4
inches. Each incremental runoff hydrograph is de-
termined by multiplying the increments of rainfall
excess by the unit hydrograph ordinates. The total
runoff from the complex rainfall event (of which
only the excess is depicted on fig. 3-2) can be de-
termined by adding the ordinates of each incre-
mental runoff hydrograph at discrete time intervals,
usually equal to the unit duration of the unit hy-
drograph. The resulting runoff hydrograph can be
drawn by graphically connecting these points on a
curve. ’

In actual practice, the hydrologic engineer is usu-
ally faced with the problem of providing a flood
hydrograph for design purposes at a location where
no streamflow data have been accumulated. These
flood hydrographs are developed using hypothetical
rainfall amounts for the drainage basin, appropriate
infiltration loss rates, and a synthetic unit
hydrograph.

Synthetic unit hydrographs are developed from
parameters representing the salient characteristics
of the rainfall-runoff phenomena found by recon-
structing observed flood events on similar drainage
basins. Reconstruction of observed events generally
provides two significant items of information. The
first item is an indication of infiltration rates ex-
pected with certain types of soils. The second item
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Figure 3—1.—Unit hydrograph principles. 103-D-1848.
is a unit hydrograph for each of the basins analyzed. the “...time difference between. . .center of mass
Associated with each unit hydrograph are two char- of rainfall and center of mass of runoff.. ” The

acteristics used to determine synthetic unit hydro-
graphs for ungauged drainage basins. These
characteristics, discussed below, are the lag in time
between the rainfall and the rise in runoff (unit
hydrograph lag time) and the time versus discharge
rate of change realtionship (temporal distribution
of unit runoff).

(b) Unut Hydrograph Lag Time.—Qver the years
many observed floods have been reconstructed us-
ing the unit hydrograph approach. Analyses of these
reconstructions has led to the conclusion that the
lag time of a unit hydrograph varies as a function
of certain measurable basin parameters. Lag time
was originally defined by Horner and Flynt [1]* as

following general relationship between lag time, L,,
and measurable basin parameters was developed:

ey

LL,,
§05

(1)

where:

L, = unit hydrograph lag time, in hours,
C = constant,

Il

INumbers in brackets refer to entries in the bibliography (sec. 3.14).
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N = constant, they have become available, have led to the conclu-
L = the length of the longest watercourse sion that the exponent N should be 0.33, regardless

from the point of concentration to
the boundary of the drainage
basin, in miles. The point of con-
centration is the location on the
watercourse where a hydrograph is
desired,

the length along the longest water-
course from the point of concen-
tration to a point opposite the
centroid of the drainage basin, in
miles, and

the overall slope of the longest wa-
tercourse (along L), in feet per
mile.

Subsequent analyses of unit hydrograph data, as

ca

of the location of the drainage basin. Additional
analyses of these data have led investigators to con-
clude that C should be 26 times the average Man-
ning’s n value representing the hydraulic char-
acteristics of the drainage network. This average
Manning’s n value is identified as K|, in subsequent
consideration of lag time in this manual. Thus, C
= 26K,,. It should be emphasized that K, is pri-
marily a function of the magnitude of discharge and
normally decreases with increasing discharge.
Current Bureau of Reclamation practice uses two
definitions of unit hydrograph lag time that are
somewhat different from those originally proposed
by Horner and Flynt [1]. The lag time definition
used depends on which of the two techniques for
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synthetic unit hydrograph development, listed be-
low, is selected.

(1) Dimensionless Unit Hydrograph Technique.
This lag time is the time from the midpoint
of the unit rainfall excess to the time that
50 percent of the volume of unit runoff from
the drainage basin has passed the concen-
tration point.

(2) S-Graph Technique. This lag time is the time
from the start of a continuous series of unit
rainfall excess increments to the time when
the resulting runoff hydrograph reaches 50
percent of the ultimate discharge. The ulti-
mate discharge is an equilibrium rate
achieved when the entire drainage basin is
contributing runoff at the concentration
point from the continuous series of unit rain-
fall excess increments.

To help determine an appropriate lag time, many
flood hydrograph reconstructions have been ex-
amined. These reconstructions represent flood run-
off from natural basins throughout the contiguous
United States west of the Mississippi River and
from urbanized basins for several locations
throughout the United States. Data for urbanized
basins are included in this edition because of the
increased interest in the hydrology of such areas,
particularly with respect to the impact on runoff
from various intensities of development.

As a result of the examination of these recon-
structions, 162 flood hydrographs considered rep-
resentative of surface runoff from rainfall events
were selected. Those not included were considered
to represent either interflow runoff or runoff that
included significant contribution from snowmelt.
The 162 examples were then segregated on a re-
gional and topographic basis, as displayed on figures
3-3 through 3-8. The supporting data for these fig-
ures are listed in tables 3-1 through 3-6, which in-
clude the station index number, station name and
location, drainage area (in some cases only the area
contributing to the flood runoff), the basin factor
(LL./ \/S_), the unit hydrograph lag time deter-
mined from the flood hydrograph reconstruction,
and the computed K, value. These data may be used
as a guide during the field reconnaissance in estab-
lishing an appropriate K, value for the drainage
basin being studied. It is also valuable to visit the
basins included in the data to understand the phys-
ical conditions that are indicative of the K, value.

Figure 3-3 and the data in table 3-1 represent

conditions on the Great Plains west of the Missis-
sippi River and east of the foothills of the Rocky
Mountains. They reflect K,, values from about 0.070
to as low as 0.030. The upper limit value generally
reflects basins with considerable overland flow be-
fore reaching moderately well-defined water
courses. Many upper reach watercourses are swales.
Well-defined drainage networks are limited to the
lower parts of the basins. Overbank flow conditions
reflect relatively high Manning’s n values. The
lower limit value generally reflects a well-defined
drainage network reaching points near the basin
boundary. Overland flow occurs for fairly short dis-
tances before entering a well-defined watercourse.
Overbank conditions reflect fairly low Manning’s n
values.

Figure 3-4 and the data in table 3-2 represent
conditions in the Rocky Mountains. Included are
the Front, Sangre de Christo, San Juan, Wasatch,
Big Horn, Absoroka, Wind River, and Bitteroot
ranges of New Mexico, Colorado, Wyoming, Utah,
Idaho, Oregon, and Montana. Data representing
basins at the higher elevations of these mountain
ranges are generally lacking. In addition, the infre-
quency of severe rainstorms in these areas and in
the Northern States precludes acquisition of a good
data base representing severe event phenomena.
Examination of the available data leads to the con-
clusion that they represent two types of storm phe-
nomena: the low-intensity general storm and the
high-intensity thunderstorm event.

Accordingly, two sets of relationships are pre-
sented on figure 3-4, one for each type metecrologic
event. Data representing the general storm phe-
nomena indicate K, values ranging from 0.260 to
0.130. Because most of the data reflect low-intensity
storms, a K,, of 0.160 or less should be used in the
development of PMF hydrographs. This value is
consistent with data for the Sierra Nevada of Cal-
ifornia, which have hydrologic characteristics very
similar to those of the Rocky Mountains.

Higher values are considered appropriate for de-
veloping flood hydrographs of more common fre-
quency than, say, the 100-year event. Data
representing the thunderstorm phenomena indicate
K, values ranging from 0.073 to 0.050. Selection of
a value within these limits depends primarily on
the character of flow retarding vegetation in the
portions of the basin where overland flow will occur
in the overbank flow areas, and on the bed material
in the channels. It also depends on the extent to
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Figure 3-3.—Unit hydrograph lag relationships, Great Plains.

which the drainage network has been developed by
erosion.

Figure 3-5 and the data in table 3-3 represent
conditions in the Southwest Desert, Great Basin,
and Colorado Plateau regions of Southern Califor-
nia, Nevada, Utah, Arizona, and western Colorado
and New Mexico. Basins in this arid region are gen-
erally typified by sparse vegetation, fairly well-
defined drainage networks, and terrain varying
from rolling to very rugged in the more mountain-
ous areas.

Reflecting relatively high hydraulic efficiencies,
regional K|, values range from a high of 0.070 to a
low of 0.042. The higher value is indicative of de-
creased basin hydraulic efficiency consistent with
the coniferous forests at the higher elevations, and
the lower value is typical of the usual desert terrain.
In addition, the third lag curve, the dashed line on
figure 3-5, represents a partially urbanized basin in
the desert region. Its position, below the two lim-
iting curves, reflects the increased hydraulic effi-
ciency associated with urbanization of a drainage
basin.

Figure 3-6 and the data in table 3-4 represent
conditions in the Sierra Nevada of California. Bas-
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ins in this region normally have well-developed
drainage networks and substantial coniferous
growth throughout those parts of the basins above
about elevation 2000. River and stream channels
are well incised into the bedrock. In general, the
hydrologic and hydraulic characteristics of the
Sierra Nevada basins are quite similar to those of
the Rocky Mountains. However, the data available
for the Sierra Nevada reflect flood hydrograph re-
constructions for floods resulting from major, in-
tense storms. Such is not the case for the Rockies,
which is the reason for establishing the upper limit
K, at 0.150 (used for generating PMF’s for basins
in the Rocky Mountain region). Reflecting the vary-
ing degrees of hydraulic efficiency, K, ranges from
a high of 0.150 to a low 0.064. However, considering
the few points shown on figure 3-6 at or near the
lower value, care should be exercised before select-
ing a low K, to ensure that the basin being studied
has essentially the same hydraulic efficiency char-
acteristics in terms of geology, drainage network
development, and stream roughness.

Figure 3-7 and the accompanying data tabulated
in table 3-5 represent conditions in the Coast and
Cascade ranges of California, Oregon, and Wash-
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ington. At the high end of the K,, range, a value of
0.150 is indicative of very heavy coniferous growth
extending into the overbank flood plain, which low-
ers the hydraulic efficiencies of these basins. At the
low end of the K, range, a value of 0.080 is typical
of the low lying basins where considerably sparser
vegetation results in a higher hydraulic efficiency.

Figure 3-8 and data in table 3-6 represent urban
conditions at several locations throughout the
United States. The range in K,, values, from 0.033
to 0.013, primarily reflects the density and type of
development and the extent to which engineered
floodwater collection systems have been con-
structed. A high-density development combined
with a good collection system is typical of drainage
basins with the lower K|, values. Low-density or
partial development with only minor floodwater
collection facilities are typical of basins with the

higher K, values. As a result, it is imperative that
anticipated future developments be considered.
Most urban development eventually tends to be-
come high-density and, with continued flooding
problems, also tends to have more formal collection
systems. The hydrologic engineer must anticipate
such eventualities and assign lower K, values that
could reasonably be expected over the functional
life of the project.

(c) Temporal Distribution of Unit Runoff.—The
lag time of a drainage basin is only half the infor-
mation required for developing a synthetic unit hy-
drograph. The other half is the means by which the
runoff from the unit rainfall is temporally distrib-
uted, or expressed another way, the time versus the
discharge rate of change relationship. This distri-
bution is accomplished by using a dimensionless
form of an observed unit hydrograph for a similar

Table 3-1.—Unit hydrograph lag data, Great Plains.

Drainage Basin Lag
Index area, factor, time,

No. Station and location mij? LL./ Vs h K,
1 Black Squirrel Cr. nr. Ellicot, CO 353.0 929 3.5  0.030
2 Jimmy Camp Cr. nr. Widefield, CO 54.3 12.2 1.8 .030
3 Dry Creek nr. Lamar, CO 73.0 279 3.1 .040
4 Willow Cr. nr. Lamar, CO 40.5 13.3 2.5 .041
5 Clay Cr. above Clay Cr. Dam nr. Lamar, CO 213.0 129.0 5.2 .040
6 Smokey Hill R. nr. Ellsworth, KS 11050.0 787.0 179 076
7 Cimmaron R. nr. Boise City, OK 2150.0 275.0 8.4 .051
8 North Fk. Red R. nr. Granite, OK 12005.0 3230.0 20.0 053
9 Elm Fk. of North Fk. Red R. nr. Magnum, OK 838.0 920.0 14.5 076

10 Salt Fk. Red R. nr. Magnum, OK 1566.0 2045.0 21.0 .060

11 Beaver Cr. No. 3 NE (Central Plains Experiment Station) 2.0 0.19 0.88 .059

12 Beaver Cr. No. 8, NE (Central Plains Experiment Station) 25.0 5.7 3.1 .067

13 Washita R. at Clinton, OK 794.0 860.0 10.5 .043

14 Barnitze Cr. nr. Arapaho, OK 243.0 99.9 75 .063

15 Pond Cr. nr. Ft. Cobb, OK 300.0 156.0 8.4 .061

16 Rock Cr. nr. Dougherty, OK 134.0 65.9 58 .056

17 Red Willow Cr. nr. McCook, NE 168.0 44.4 5.8 .064

18 Pecos R. at Puerto D. Lune, NM 3970.0 3300.0 17.0 .045

19 Pecos R. at Anton Chico, NM 1050.0 890.0 10.5 .043

20 Vermejo R. at Dawson, NM 299.0 83.0 4.2 .038

21 Vermejo R. at Dawson, NM (2d reconstruction) 299.0 83.0 5.7 .051

22 Rio Hondo nr. Diamond A Ranch, NM 960.0 312.0 11.0 .064

23 Rio Ruidoso nr. Hondo, NM_ 307.0 73.5 7.0 .065

24 Buckhorn Cr. nr. Masonville, CO 6.9 1.2 1.0 .036

25 Washita R. nr. Cheyenne, OK 353.0 306.0 5.1 .030

26 Medicine Cr. nr. Cambridge, NE 722.0 797.0 13.5 057

27 Little Beaver Cr. above Marmath, ND 550.0 648.0 7.7 035

28 Middle Fk. Powder R. above Kaycee, WY 980.0 131.0 7.7 .059

LContributing area
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Figure 3—-4.—Unit hydrograph lag relationships, Rocky Mountains.

drainage basin. Through this dimensionless form,
differences in basin size and variations in the unit
hydrograph lag time and in the unit duration are
automatically taken into account.

In the dimensionless unit hydrograph technique,
unit hydrographs developed from recorded flood
events are converted to dimensionless form as
follows:

(1) The time base is expressed on the abscissa
scale (x axis) in terms of time as a percent
of the lag time of half the unit rainfall du-
ration (i.e., the semiduration).

(2) Dimensionless discharge is expressed on the
ordinate scale (y axis) in terms of unit hy-
drograph discharge (in cubic feet per second)
times the lag time plus the semiduration (in
hours) divided by the unit runoff in cubic feet
per second-days. Mathematically, this is ex-
pressed as g(L, + D/2)/Vol; where q is the
dimensionless discharge ordinate, L, is the
lag (in hours), D is the duration of unit rain-
fall (in hours), and Vol. is the volume of the
unit runoff (in cubic feet per second-days.)

In the S-graph technique, unit hydrographs de-

103-D-1851.

veloped from recorded events are converted to
dimensionless form as follows:

(1) A summation hydrograph is first developed
by algebraically adding the ordinates of a
continuous series of identical unit hydro-
graphs, each successively out of phase by one
unit period. The lag time for this particular
technique is determined by reading (from the
plotted summation hydrograph) the elapsed
time from the beginning of rainfall to the
time when 50 percent of the ultimate dis-
charge is reached.

(2) The dimensionless unit hydrograph is then
developed from the summation hydrograph
by converting the time base (abscissa) to
time in percent of lag time, and the ordinate
values to discharge as a percent of the ulti-
mate discharge.

(d) Development of Synthetic Unit Hydro-
graphs.—(1) Determining Synthetic Unit Hydro-
graph Lag Time.—Considerable attention has been
given to specific observations that should be made
in a field reconnaissance of a drainage basin. Ob-
servations of the drainage network of a basin or its
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Table 3-2.—Unit hydrograph lag data, Rocky Mountains. New Mexico, Colorado, Utah, Wyoming, Montana, Idaho, and Oregon.

Drainage Basin Lag
Index area, factor, time,

No. Station and location mi2  LL,/VS h K,
1 Purgatoire R. at Trinidad, CO 742.0 69.8 80  0.076
2 Wood R. nr. Meeteetse, WY 194.0 419 21.5 241
3 Grey Bull R. nr. Meeteetse, WY 681.0 68.3 34.0 324
4 San Miguel R. at Naturita, CO 1080.0 174.0 34.0 .238
5 Uncompaghre R. at Delta, CO 1110.0 216.0 36.0 .235
6 Dry Gulch nr. Estes Park, CO 2.1 0.2 09 .059
7 Rabbit Gulch nr. Estes Park, CO 3.4 0.2 1.0 .065
8 North Fk. Big Thompson R. nr. Glen Haven, CO 1.3 0.1 0.7 .058
9 Uintah R. nr. Neola, UT 181.0 59.0 32.0 324

10 South Fk. Payette R. nr. Garden Valley, OR 779.0 123.0 30.0 .236
11 Malheur R. nr. Drewsey, OR 910.0 114.0 30.0 242
12 Weiser R. above Craney Cr. nr. Weiser, OR 1160.0 310.0 37.0 214
13 Madison R. nr. Three Forks, MT 2511.0 2060.0 50.0 155
14 Gallitin R. at Logan, MT 1795.0 443.0 38.0 .196
15 Surface Cr. at Cedaredge, CO 43.0 11.3 11.3 195
16 South Piney Cr. at Willow Park, WY 28.9 3.8 10.5 .260
17 Piney Cr. at Kearney, WY 106.0 29.0 16.5 .209
18 Coal Cr. nr. Cedar City, UT 92.0 6.6 2.4 .050
19 Sevier R. nr. Hatch, UT 260.0 41.0 51 .058

20 Sevier R. nr. Kingston, UT 1110.0 469.0 11.0 .056

21 Centerville Cr. nr. Centerville, UT 3.9 0.4 2.4 124

22 Parrish Cr. nr. Centerville, UT 2.0 0.3 2.2 126

23 Florida R. nr. Hermosa, CO 69.4 12.5 15.5 .259

24 Dolores R. nr. McPhee, CO 793.0 193.0 9.0 .061

25 Los Pinos R. nr. Bayfield, CO 284.0 35.0 28.5 .339

hydraulic system form the primary basis for estab-
lishing the appropriate K,, to be used in estimating
the synthetic unit hydrograph lag time. In assigning
the K,, value for a particular basin, consideration
should also be given to K,, values developed from
analyses of observed flood hydrographs for basins
that have similar channel and floodplain charac-
teristics and drainage-network densities.

Once the value of K, has been determined, L and
L,, are measured using a suitable topographic map.
S, the slope of the longest watercourse, is also de-
termined using data from the topographic map.
These physical parameters, K,,, L, L,,, and S, are
then entered into the general equation for lag time,
equation (1), which yields the synthetic unit hy-
drograph lag time, in hours.

LL 0.33
L, = 26K, ( =
SO.5

(2) Selecting an Appropriate Dimensionless Unit
Hydrograph or S-Graph.—1t is recognized that most
readers do not have access to an extensive file of

data representing either dimesionless unit hydro-
graphs or dimensionless S-graphs that could be
used in developing unit hydrographs for specific
drainages. Examination of data available in the Bu-
reau of Reclamation has led Bureau flood hydrol-
ogists to the conclusion that six dimensionless
relationships are suitable for the regions identified
in the previous discussion of unit hydrograph lag
relationships. It should be kept in mind that a unit
hydrograph developed from a flood hydrograph re-
construction of a major flood event in the basin
under study can be considered superior to those
recommended for the region in which the basin is
located.

In accordance with the regional breakdown for
the unit hydrograph lag relationships, tables 3-7
through 3-18 represent dimensionless unit hydro-
graphs and comparable dimensionless S-graphs for
these regions. These data may be used by the reader
to plot the dimensionless unit hydrographs on semi-
logarithmic paper or the S-graph on rectangular co-
ordinate paper. This will facilitate extracting
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ordinate values at discrete percentage values of
either lag plus semiduration values or time in per-
cent of lag. These discrete values are required for
the development of a particular unit hydrograph.

Tables 3-7 and 3-8 provide data for a dimen-
sionless unit hydrograph and a comparable dimen-
sionless S-graph that are considered suitable for the
Great Plains Region. Tables 3-9 and 3-10 provide
similar data for use in developing unit hydrographs
for PMF’s resulting from general-type probable
maximum storms in the Rocky Mountain Region.
Tables 3-11 and 3-12 provide data suitable for use
in developing unit hydrographs for basins in the
Rocky Mountain Region when estimating thunder-
storm generated PMF’s. Tables 3-13 and 3-14 pro-
vide data for use in the Southwest Desert, Great
Basin, and Colorado Plateau regions. Tables 3-15
and 3-16 provide data considered suitable for use in
both the Sierra Nevada Region of California and
the Coast and Cascade regions of California, Ore-
gon, and Washington. Finally, tables 3-17 and 3-18
are a dimensionless unit hydrograph and a com-
parable dimensionless S-graph, respectively, that
may be used in the development of unit hydrographs
for urban basins.

(3) Computing the Synthetic Unit Hydrograph
Ordinates.—When the unit hydrograph lag time has
been determined and the dimensionless unit hy-
drograph or S-graph selected, it is basically a me-
chanical process to determine the synthetic unit
hydrograph ordinates. This process is discussed in
the following paragraphs for each of the two tech-
niques currently used by the Bureau.

a. Dimensionless Unit Hydrograph Tech-
nique.—The first item that must be determined is
the unit duration of the synthetic unit hydrograph.
To provide adequate definition near and at the peak
of the unit hydrograph, many investigators have
shown that the unit duration should approximate
the lag time divided by 5.5. The result of this di-
vision, the adopted unit duration, should always be
rounded down to the closest of the following: 5, 10,
15, or 30 minutes, or 1, 2, or 6 hours. If the result
is greater than 6 hours, the basin, should probably
be subdivided into subbasins, and a unit hydrograph
developed for each subbasin. The runoff hydro-
graphs resulting from the application of rainfall to
each subbasin should be routed and combined at
the concentration point to determine the final
hydrograph.

The dimensionless unit hydrograph is expressed

in terms of time in percent of lag time plus the
semiduration of unit rainfall on the abscissa scale.
The ordinate values are determined by multiplying
the discharge by the number found by adding the
lag time and the semiduration of unit rainfall, then
dividing by the volume of 1 inch of runoff from the
subject basin. Because the lag time is known and
the volume of 1 inch of runoff can be determined
from the area of the drainage basin, the selected
dimensionless unit hydrograph can be used to com-
pute the unit hydrograph. This methodology is best
explained by an example.

Consider a 300-mi? drainage basin whose unit
hydrograph lag time has been determined to be 9
hours. Assume that a unit time of 2 hours has been
selected for use in developing the unit hydrograph.
Assume also that the dimensionless unit hydro-
graph shown on figure 3-9 has been selected as the
basis for developing the unit hydrograph for the
subject basin.

The lag time plus the semiduration of unit rain-
fall equals 9 + 2/2 = 10 hours. The volume of 1 inch
of runoff equals 300 times the conversion factor
26.89, or 8,067 ft3/s-d. After these values are de-
termined, a table is set up as shown on figure
3-9. The conversion factor 26.89 is used to convert
1 inch of rainfall excess over a 1-mi? area in
24 hours to runoff, in cubic feet per second-days.
The first column lists the time in hours; each in-
crement is equal to the unit rainfall duration. Val-
ues in the second column, labeled “% of L, + D/2”
(percent of lag time plus the semiduration of unit
rainfall), are determined by dividing the corre-
sponding value in the first column by the sum of
the lag time and the semiduration value, D/2, then
multiplying by 100 to convert to percentages. Values
in the third column are obtained by reading the
ordinate value from the dimensionless unit hydro-
graph for the corresponding percent of lag time plus
the semiduration value in the second column. The
unit hydrograph discharge ordinates listed in the
fourth column are calculated by multiplying values
in the third column by the quotient of the 1-inch
runoff volume (8,067 ft3/s-d) divided by the lag time
plus semiduration value. The ordinates so devel-
oped represent the unit hydrograph discharge at the
end of the respective time period.

When the unit hydrograph ordinates are deter-
mined, the points should be plotted on graph paper
and connected by a smooth curve. Although this
curve will not pass through all the points, the final
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Figure 3-5.—Unit hydrograph lag relationships, Southwest Desert, Great Basin, and Colorado Plateau.

unit hydrograph ordinates used in developing a
flood hydrograph should be the values read from
the curve rather than the computed values. A plot
of the final unit hydrograph and a table of the final
ordinates should be included in every flood study
report.

b. Dimensionless S-Graph Technique.—As with
the dimensionless unit hydrograph technique, the
unit duration should be the first item determined.
The same constraints apply to this technique rel-
ative to determining the unit duration that apply
to the dimensionless unit hydrograph technique rel-
ative to determining the unit duration and the sub-
division of the drainage basin.

The dimensionless S-graph is expressed in terms
of time (in percent of unit hydrograph lag time) on
the abscissa scale, and discharge is expressed as a
percentage of the ultimate discharge on the ordinate
scale. The ultimate discharge is an equilibrium rate
of discharge achieved when the entire basin is con-
tributing runoff at the concentration point from a
continuous series of unit-rainfall excess increments.
The ultimate discharge for a drainage basin is found
by multiplying the drainage area, in square miles,

103-D-1852.

by the conversion factor 645.3 and dividing the re-
sult by the unit duration of rainfall. The conversion
factor 645.3 converts 1 inch of rainfall excess over
a 1-mi? area in 1 hour to runoff, expressed as
1h-ft3/s. When both the lag time and the ultimate
rate of discharge are known, application of these
values to the appropriate dimensionless S-graph
yields a synthetic unit hydrograph, as described in
the following example.

Consider a drainage basin with an area of
250 mi? and a lag time of 12 hours. The theoretical
unit duration is 12/5.5, or 2.18 hours. This is
rounded downward to 2 hours for computational
purposes. The ultimate discharge for this basin
from a continuous series of rainfall excess incre-
ments of 1 inch in each 2-hour period would be
250(645.3)/2 or 80,662.5 2-h-ft?/s. The dimension-
less S-graph shown on figure 3-10 is assumed to be
appropriate for the hypothetical basin under con-
sideration and is selected for use in this example.
The synthetic unit hydrograph, truncated at hour
18 for brevity, is then developed as shown in table
3-19.

The time is shown in the first column at incre-
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ments equal to the unit duration. Time is expressed
as a percentage of lag time in the second column
and is found by dividing the time increment in the
first column by the unit hydrograph lag time. Values
entered in the third column represent ordinates
read from the dimensionless S-graph at correspond-
ing values (time in percent of lag) in the second
column, Each value in the third column is multi-
plied by the ultimate to arrive at the summation
hydrograph ordinates shown in the fourth column.

Each unit hydrograph ordinate in the fifth column
is the difference between the corresponding value
in the fourth column and the preceding value in the
fourth column.

The unit hydrograph ordinates should be plotted
on graph paper for the proper time intervals, and
a smooth curve should be drawn through the points.
The final unit hydrograph ordinates should reflect
the position of the smooth curve rather than the
computed ordinates.

Table 3-3.—Unit hydrograph lag data, Southwest Desert, Great Basin, and Colorado Plateau.

Drainage Basin Lag
Index area, factor, time,

No. Station and location mi? LL../ Vs h K,
1 Salt River at Roosevelt, AZ 4341.0 1261.0 16.0  0.058
2 Verde R. above E. Verde and below Jerome, AZ 3190.0 760.0 12.0 .052
3 Tonto Cr. above Gun Cr., AZ 678.0 66.3 6.5 .063
4 Agua Fria R. nr. Mayor, AZ 590.0 63.2 5.4 0563
5 San Gabriel R. at San Gabriel Dam, CA 162.0 14.4 3.3 .053
6 West Fk. San Gabriel R. at Cogswell Dam, CA 40.4 1.8 1.6 .051
7 Santa Anita Cr. at Santa Anita Dam, CA 10.8 0.6 1.1 .050
8 Sand Dimas Cr. at San Dimas Dam, CO 16.2 2.0 15 .046
9 Eaton Wash at Eaton Wash Dam, CA 9.5 1.3 1.3 .048

10 San Antonio Cr. nr. Claremont, CA 16.9 0.6 1.2 .055

11 Santa Clara R. nr. Saugus, CA 355.0 48.2 5.6 .060

12 Temecula Cr. at Pauba Canyon, CA 168.0 24.1 3.7 .050

13 Santa Margarita R. nr. Fallbrook, CA 645.0 99.2 7.3 .062
14 Santa Margarita R. at Ysidora, CA 740.0 228.0 9.5 .061
15 Live Qak Cr. at Live Qak Dam, CA 2.3 0.2 0.8 .052
16 Tujunga Cr. at Big Tujunga Dam, CA 81.4 6.5 2.5 .052
17 Murrieta Cr. at Temecula, CA 220.0 28.9 4.0 .051

18 Los Angeles R. at Sepulveda Dam, CA 152.0 14.3 3.5 056

19 Pacoima Wash at Pacoima Dam, CA 27.8 6.8 2.4 .049

20 East Fullerton Cr. at Fullerton Dam, CA 3.1 0.5 0.6 .029

21 San Jose Cr. at Workman Mill Rd. CA 81.3 24.8 2.4 .032

22 San Vincente Cr. at Foster, CA 75.0 12.8 3.2 .053

23 San Diego R. nr. Santee, CA 380.0 95.4 9.2 078

24 Deep Cr. nr. Hesperia, CA 137.0 28.1 2.8 .036

25 Bill Williams R. at Planet, AZ 4730.0 1476 0 16.2 .056

26 Gila R. at Conner No. 4 Damsite, AZ 2840.0 1722.0 215 071

27 San Francisco R. at Jct. with Blue R., AZ 2000.0 1688.0 20.6 .068

28 Blue R. nr. Clifton, AZ 790.0 352.0 10.3 .057

29 Moencopi Wash nr. Tuba City, AZ 2490.0 473.0 9.2 .046

30 Clear Cr. nr. Winslow, AZ 607.0 570.0 11.2 .053

31 Puerco R. nr. Admana, AZ 2760.0 1225.0 15.9 .058

32 Plateau Cr. nr. Cameo, CO 604.0 89.9 7.9 .069

33 White R. nr. Watson, UT 4020.0 1473.0 15.7 .054

34 Paria R. at Lees Ferry, AZ 1570.0 296.0 10.2 .060

35 New River at Rock Springs, AZ 67.3 16.5 3.1 .047

36 New River at New River, AZ 85.7 26.3 3.7 048

37 New R. at Bell Road nr. Phoenix, AZ 187.0 108.0 5.3 .043

38 Skunk Cr. nr. Phoenix, AZ 64.6 18.7 2.4 .035
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Figure 3—6.—Unit hydrograph lag relationships, Sierra Nevada, California.

(e) Infiltration and Other Losses.—Rainfall or
snowfall separates into several components when it
reaches the ground. The flood hydrologist recog-
nizes four types of losses:

(1) Interception by vegetation and subsequent
evaporation or retardation from reaching the
ground surface.

(2) Evaporation from the ground surface during
prolonged rainfall events or when accumu-
lated in frozen form from snowfall.

(3) Depression storage in surface depressions,
which act as miniature reservoirs and do not
release their waters until their storage ca-
pacity is exceeded (and then only to a stage-
versus-discharge relationship comparable
with that of an engineered uncontrolled spill-
way for a water-impounding structure).

(4) Infiltration into the receiving soil, rock, or
combination thereof. Any of the constituents
(both natural and artificial) of the earth’s
mantle can absorb water—whether it be a
concrete parking area or the sandiest soils.

Overland runoff occurs when the rate of rainfall
or the rate of snowmelt has satisfied the first three
losses and exceeds the capacity of the soil to absorb

103-D-1853.

the water.

The first three of the losses listed above are usu-
ally minor compared with infiltration losses when
rainfall intensities are sufficient to produce severe
flood events. Under such conditions they are often
grouped with part of the infiltration loss and termed
“initial losses.”

To illustrate the phenomena that occur in the
soil when water is applied in the form of rain, con-
sider a condition at the onset of a rainstorm where
the soil is comparatively dry because no precipi-
tation has occurred in recent days. Initially, part of
the precipitation is intercepted by vegetation. How-
ever, once the vegetation has reached its capacity
to retain water, additional precipitation simply runs
off and falls to the ground. The rest of the rainfall
falls directly on the ground surface and enters the
soil or is retained in depression storage. In actuality,
some of this precipitation evaporates into the at-
mosphere. However, in the hydrologic analysis of
extreme flood events, interception and evaporation
losses are so small compared with the magnitude of
the precipitation that they are neglected. Precipi-
tation at first filters rather rapidly into most soils
to satisfy the soil-moisture deficiency. Thereafter,
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Table 3-4.—Unit hydrograph lag data, Sierra Nevada, California.

Drainage Basin Lag
Index area, factor, time,
No. Station and location mi? LL4/VS h K,
1 Pitman Cr. below Tamarack Cr., CA 22.7 14 4.4 0.151
2 North Fk. Kings R. nr. Cliff Camp, CA 170.0 6.2 6.7 141
3 North Fk. Kings R. below Rancheria, CA 1116.0 9.2 8.4 .155
4 Cosumnes R. at Michigan Bar, CA 537.0 133.0 16.0 123
5 Cosgrove Cr. nr. Valley Springs, CA 20.6 4.6 5.5 128
6 Woods Cr. nr. Jacksonville, CA 98.4 15.1 7.8 122
7 North Fk. Calaveras R. nr. San Andreas, CA 85.7 25.4 10.0 .132
8 Calaveras R. at Calaveras Reservoir, CA 395.0 30.6 8.5 .106
9 Calaveritas Cr. nr. San Andreas, CA 53.0 15.6 10.0 .155
10 North Fk. Cosumnes R. at Cosumnes Mine, CA 36.9 7.7 6.0 118
11 Tule R. at Success Dam, CA 388.0 31.4 8.8 .109
12 Kaweah R. at Terminus Dam, CA 560.0 30.4 11.5 .143
13 Kings R. at Pine Flat Dam, CA 1542.0 168.0 17.2 122
14 Big Dry Cr. Reservoir, CA 86.0 18.5 9.2 135
15 Stanislaus R. at Melones Dam, CA 897.0 269.0 9.2 .056
16 Calaveras R. at Hogan Reservoir, CA 363.0 66.0 8.6 .083
17 American R. at Folsom Dam, CA 1875.0 290.0 10.9 .065
18 Kern R. at Isabella Dam, CA 2075.0 235.0 21.5 .136
19 North Yuba R. at Bullard’s Bar Dam, CA 481.0 164.0 13.2 .094
20 Yuba R. at Englebright Dam, CA 990.0 143.0 12.5 .093
21 San Joaquin R. at Friant Dam, CA 1261.0 497.0 13.7 .068
22 South Fk. Cosumnes R. nr. River Pines, CA 64.3 177 76 113
1Contributing area.
water in excess of that required to satisfy the soil- f=f+(,—fle™ (2)

moisture deficiency moves downward under the ef-
fect of gravity until it enters the ground-water
reservoir.

The minimum rate at which a soil in a saturated
condition can absorb water is generally termed the
“Infiltration capacity” of the soil.

The rate at which a given soil absorbs rainfall is
a function of infiltration and transmissibility. The
infiltration rate is primarily controlled by surface
conditions where the water enters the ground. The
transmissibility, or transmission rate, is the rate at
which the water moves through the soil in either
the vertical or horizontal direction. However, in
flood hydrology studies both the infiltration and the
transmission rates are combined under the desig-
nation “infiltration rates.”

In practice, all these phenomena, as they relate
to severe flood occurrences, can be represented by
a decay-curve function. In 1940, Horton [2] pro-
posed the following equation to represent this
function:

where:

f = resulting infiltration rate at time ¢,

f. = minimum infiltration rate,

f, = initial rate of infiltration capacity,

e = base of the Naperian logarithms,

k = constant dependent primarily on soil
type and vegetation, and

t = time from the start of rainfall.

In the development of PMF’s, the hydrologic en-
gineer is primarily concerned with the magnitude
of f,.

The Soil Conservation Service has proposed sub-
dividing soils into four groups, relative to their re-
spective infiltration capacities. These groups, as
defined by that agency, are essentially as follows:

(1) Group A Soils (low runoff potential) have

high infiltration rates even when saturated.
This group mainly consists of well to mod-
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Figure 3-7.—Unit hydrograph lag relationships, Coast and Cascade ranges of Cdlifornia, Oregon, and Washington.
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erately well-drained sands or gravels. These
soils have a high transmission rate. Mini-
mum infiltration rates for these soils range
from 0.3 to 0.5 inch per hour.

Group B Soils have moderate infiltration
rates when throughly wetted. This group
mainly consists of moderately deep to deep
and moderately well to well-drained soils.
They have fine to moderately coarse textures
and include sandy loams and shallow loess.
Minimum infiltration rates for those soils
range from 0.15 to 0.30 inch per hour.
Group C Soils have low infiltration rates
when throughly wetted. This group mainly
consists of soils with a layer that impedes
downward movement of water and soils with
moderately fine to fine texture. These soils
have a low transmission rate. Many clay
loams, shallow sandy loams, soils low in or-
ganic matter, and soils high in clay content
are in this group. Minimum infiltration rates
for these soils range from 0.05 to 0.15 inch
per hour.

(4) Group D Soils (high runoff potential) have
very low infiltration rates when throughly
wetted. This group mainly consists of clay
soils with high swelling potential, soils with
a permanently high water table, soils with a
claypan or clay layer at or near the surface,
and shallow soils over nearly impervious ma-
terial. This group includes heavy plastic clays
and certain saline soils. These soils have a
very low transmission rate. Minimum infil-
tration rates for these soils range from values
approaching 0 to 0.05 inch per hour.

Hydrologic analyses leading to PMF estimates

should be based on the assumption that minimum
infiltration rates prevail for the duration of the
probable maximum storm. This assumption is
based on consideration of conditions that have been
shown to exist before extreme storm events. His-
torical conditions have shown that it is quite rea-
sonable to expect one or more storms preceding or
antecedent to the extreme event. Accordingly, it is
assumed that antecedent storms satisfy all soil-
moisture deficiencies and interception, evaporation,
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Table 3-5.—Unit hydrograph lag data, Coast and Cascade ranges. California, Oregon, and Washington.

Drainage Basin Lag
Index area, factor, time,

No. Station and location mi? LLm/\/g h K,
1 Putah Cr. nr. Winters, CA 5717.0 190.0 175  0.119
2 Stony Cr. nr. Hamilton City, CA 764.0 288.0 21.8 129
3 Huasna R. nr. Santa Maria, CA 119.0 45.4 7.0 .076
4 Sisquoc R. nr. Garey, CA 465.0 76.8 8.9 .082°
5 Salinas R. nr. Pozo, CA 114.0 9.0 5.7 .106
6 Corte Madera Cr. at Ross, CA 18.1 2.6 4.6 129
7 East Fk. Russian R. nr. Calpella, CA 93.0 59 6.5 139
) Novato Cr. nr. Novato, CA 17.5 3.5 4.7 120
9 Pinole Cr. nr. Pinole, CA 10.0 1.4 3.8 131

10 San Francisquito Cr. nr. Stanford University, CA 38.3 4.8 4.8 110

11 San Lorenzo Cr. at Hayward, CA 375 2.0 4.9 150

12 Sonoma Cr. at Boyes Hot Springs, CA 62.2 10.0 4.8 .086

13 Corralitos Cr. nr. Corralitos, CA 10.6 0.97 34 .132

14 Austin Cr. nr. Cadzadero, CA 63.0 6.2 6.8 .143

15 Dry Cr. nr. Napa, CA 174 4.3 6.0 143

16 South Fk. Eel R. nr. Branscomb, CA 439 17.8 8.1 120

17 Branciforte Cr. at Santa Cruz, CA 17.3 2.1 39 117

18 Matadero Cr. at Palo Alto, CA 7.2 1.7 3.7 .119

19 Napa R. at St. Helena, CA 81.1 14.8 6.8 107

20 San Lorenzo R. at Big Trees, CA 111.0 17.8 8.0 119

21 Uvas Cr. at Morgan Hill, CA 30.4 4.4 4.4 .104

22 Feliz Cr. nr. Hopland, CA 31.2 4.0 3.9 .095

23 Redwood Cr. at Orick, CA 278.0 170.0 16.0 113

24 Russian R. at Ukiah, CA 99.6 14.5 5.1 .081

25 Trinity R. at Lewiston, CA 726.0 157.0 20.0 .145

26 Powell Cr. nr. Williams, OR 8.6 0.47 3.4 168

27 Slate Cr. nr. Wonder, OR 30.9 2.8 5.6 153

28 Arroyo Del Valle nr. Livermore, CA 147.0 66.5 10.0 .096

and depression storage losses; and that infiltration
rates are lowest at the onset of the probable max-
imum storm.

(f) Base Flow and Interflow.—These two com-
ponents of a flood hydrograph are graphically de-
picted on figure 3-11. The base-flow component
generally consists of the water that reaches the wa-
tercourses after flowing a considerable distance un-
derground as ground water. The hydrograph is
generally depicted as a recession curve, indicating
a gradually decreasing rate of surface flow. This
flow continues to decrease until the water surface
in the stream is in equilibrium with the surface of
the adjacent water table, and the flow is maintained
by inflow from the ground-water reservoir. When
the water table is at a level below the channel bed,
there is no surface flow in the stream, but there
may be subsurface flow in the river gravels. For this
case the recession curve approaches and finally goes

to zero.

The interflow component, sometimes called the
subsurface storm flow, is generated by precipitation
that enters the ground by infiltration, but emerges
as a direct contribution to the surface runoff within
a relatively short time. Current thinking is that this
phenomenon occurs during every severe flood event
in varying degrees, depending on the characteristics
of the drainage basin.

Quantification of the base-flow and interflow
components in a flood study are usually based on
the results of flood hydrograph reconstructions. A
typically shaped recession curve and an interflow
representation are shown on figure 3-11 as the
dashed line and the alternating long and short
dashed line, respectively. The separation of the ob-
served flood hydrograph into three components re-
quires a considerable amount of judgement because
the interflow and base flow (or recession flow) are
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Figure 3-8.—Unit hydrograph lag relationships, urban basins. 103-D-1855.
Table 3-6.—Unit hydrograph lag data, urban basins.
Drainage Basin Lag
Index area, factor, time,
No. Station and location mi’ LL./VS h K,
1 Alhambra Wash above Short St., Monterey Park, CA 14.0 48 0.6 0.011
2 San Jose Cr. at Workman Mill Rd, Whittier, CA 81.3 24.8 2.4 032
3 Broadway Drain,at Raymond Dike, CA 2.5 0.6 0.3 .014
4 Compton Cr. below Hooper Ave. Storm Drain, L.A., CA 19.5 9.7 1.8 .033
5 Ballona Cr. at Sawtelle Blvd., L.A., CA 88.6 8.3 1.2 .023
6 Brays Bayou, Houston, TX 88.4 121.0 2.1 017
7 White Oak Bayou, Houston, TX 92.0 134.0 3.1 024
8 Boneyard Cr., Austin, TX 45 1.2 0.8 .029
9 Waller Cr., Austin, TX 4.1 1.4 1.0 .034
10 Beargrass Cr., Louisville, KY 9.7 5.6 0.9 020
11 17th Street Sewer, Louisville, KY 0.2 0.04 0.15 .017
12 Northwest Trunk, Louisville, KY 1.9 0.8 0.4 014
13 Southern Qutfall, Louisville, KY 6.4 4.4 0.7 .017
14 Southwest OQutfall, Louisville, KY 7.5 4.1 0.50 .012
15 Beargrass Cr., Louisville, KY 6.3 3.4 1.0 .026
16 Tripps Run nr. Falls Church, VA 4.6 1.1 0.9 .033
17 Tripps Run at Falls Church, VA 1.8 0.26 0.5 .030
18 Four Mile Run at Alexandria, VA 14.4 4.2 1.4 .034
19 Little Pimmit Run at Arlington, VA 2.3 0.25 0.4 .024
20 Piney Branch at Vienna, VA 0.3 0.01 0.2 .035
21 Walker Avenue Drain at Baltimore, MD 0.2 0.04 0.2 .022




Table 3-7.—Dimensionless unit hydrograph data, Great Plains. ¢ = @ (L, + ¥2D)/Vol.

DESIGN OF SMALL DAMS

% of % of % of % of % of % of
(Lg+%D) q |(L;+%D) q |(Ly+%D) q |(L,+%D) q |(L,+%D) gq |(L,+%D) ¢
5 0.10 105 15.04 205 3.18 305 1.37 405 0.65 505 0.30
10 .20 110 13.52 210 2.98 310 1.32 410 .62 510 .29
15 .81 115 12.51 215 2.79 315 1.27 415 .60 515 .29
20 1.66 120 11.40 220 2.67 320 1.23 420 .58 520 27
25 3.23 125 10.50 225 2.52 325 1.18 425 .56 525 .26
30 4.83 130 9.59 230 241 330 1.14 430 .54 530 .26
35 7.06 135 8.88 235 2.32 335 1.10 435 .52 535 .25
40 9.18 140 8.26 240 2.24 340 1.05 440 .50 540 .24
45 11.10 145 7.57 245 2.15 345 1.02 445 .48 545 .24
50 14.03 150 6.96 250 2.08 350 0.98 450 46 550 .23
55 16.25 155 6.36 255 2.00 355 94 455 44 555 .22
60 18.07 160 595 260 1.92 360 91 460 43 560 21
65 20.19 165 5.45 265 1.85 365 .87 465 41 565 .20
70 21.40 170 5.05 270 1.79 370 .84 470 .40 570 .20
75 2291 175 4.64 275 1.72 375 .81 475 .38 575 .19
80 24.02 180 4.39 280 1.66 380 18 480 37 580 18
85 22.81 185 4.04 285 1.59 385 .15 485 .35 585 .18
90 20.59 190 3.78 290 1.54 390 72 490 .34 590 17
95 18.37 195 3.53 295 1.48 395 .70 495 33 595 .16
100 16.65 200 3.38 300 1.42 400 .67 500 .32 600 .16
Table 3-8.—Dimensionless S-graph data, Great Plains.

Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
Time, % of Time, % of Time, % of Time, %of | Time, % of Time, % of
%of L, ultimate |%ofL, ultimate |%ofL, ultimate | % ofL, ultimate % of L, ultimate | % ofL, ultimate

5 0.02 105 53.28 205 83.76 305 92.60 405 96.81 505 98.85
10 .06 110 56.25 210 84.42 310 92.89 410 96.95 510 98.93
15 21 115 58.94 215 85.05 315 93.17 415 97.08 515 99.00
20 .52 120 61.43 220 85.63 320 93.44 420 97.21 520 99.08
25 111 125 63.71 225 86.19 325 93.70 425 97.34 525 99.15
30 2.01 130 65.81 230 86.72 330 93.95 430 97.46 530 99.22
35 3.31 135 67.74 235 87.22 335 94.19 435 97.58 535 99.29
40 5.02 140 69.53 240 87.70 340 94.43 440 97.69 540 99.35
45 7.11 145 71.20 245 88.16 345 94.65 445 97.80 545 99.41
50 9.70 150 72.73 250 88.61 350 94.87 450 97.91 550 99.48
55 12.76 155 74.15 255 89.04 355 95.08 455 98.01 555 99.53
60 16.20 160 75.46 260 89.46 360 95.28 460 98.11 560 99.59
65 20.02 165 76.67 265 89.86 365 95.48 465 98.20 565 99.65
70 24.17 170 77.80 270 90.25 370 95.66 470 98.29 570 99.70
75 28.57 175 78.84 275 90.62 375 95.85 475 98.38 575 99.76
80 33.23 180 79.80 280 90.98 380 96.02 480 98.47 580 99.81
85 37.95 185 80.70 285 91.33 385 96.19 485 98.55 585 99.86
90 42.39 190 81.54 290 91.66 390 96.35 490 98.63 590 9991
95 46.40 195 82.33 295 91.99 395 96.51 495 98.70 595 99.95

100 50.00 200 83.07 300 92.30 400 96.66 500 98.78 600 100.00
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Table 3-9.—General storm dimensionless unit hydrograph data, Rocky Mountains. ¢ = @ (L, + %4D)/Vol.
% of % of % of % of % of % of
(L, + ¥%2D) q (L, + D) q (Ly+%D) q |(Lg+%D) q |L;+%D) q |(L;+%D) ¢
5 0.26 105 11.91 205 3.72 305 1.63 405 0.74 505 0.34
10 .90 110 11.21 210 3.55 310 1.57 410 1 510 .33
15 2.00 115 10.61 215 3.40 315 1.50 415 .68 515 .32
20 3.00 120 10.01 220 3.25 320 1.45 420 .65 520 31
25 5.00 125 9.40 225 3.10 325 1.39 425 .63 525 .29
30 6.00 130 8.80 230 3.00 330 1.34 430 .60 530 .28
35 7.70 135 8.25 235 2.87 335 1.28 435 .56 535 27
40 9.00 140 7.70 240 2.75 340 1.23 440 .58 540 .26
45 14.51 145 7.25 245 2.65 345 1.19 445 54 545 .25
50 18.11 150 6.80 250 2.52 350 1.13 450 52 550 24
55 21.51 155 6.40 255 2.42 355 1.09 455 .50 555 .23
60 24.01 160 6.00 260 2.33 360 1.05 460 48 560 23
65 22.81 165 5.65 265 2.24 365 1.01 465 .46 565 .22
70 21.21 170 5.35 270 2.15 370 0.97 470 44 570 21
75 19.31 175 5.00 275 2.07 375 .93 475 42 575 .20
80 16.91 180 4.80 280 1.99 380 .90 480 41 580 19
85 15.21 185 4.55 285 191 385 .86 485 .40 585 19
90 14.21 190 4.30 290 1.83 390 .83 490 .38 590 .18
95 13.41 195 4.10 295 1.76 395 .80 495 .37 595 17
100 12.71 200 3.90 300 1.70 400 a7 500 .35 600 17
Table 3-10.—General storm dimensionless S-graph data, Rocky Mountains.
Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
Time, % of Time, % of Time, % of Time, % of Time, % of Time, % of
% of L, ultimate {%ofL, ultimate |%ofL, ultimate |%of L, ultimate |%ofL, ultimate |%ofL, ultimate
5 0.05 105 52.51 205 81.06 305 91.68 405 96.55 505 98.82
10 23 110 54.87 210 81.83 310 92.02 410 96.71 510 98.89
15 62 115 57.10 215 82.56 315 92.35 415 96.86 515 98.96
20 1.20 120 59.21 220 83.26 320 92.67 420 97.01 520 99.04
25 2.15 125 61.20 225 83.93 325 92.97 425 97.15 525 99.11
30 3.46 130 63.08 230 84.57 330 93.26 430 97.29 530 99.19
35 497 135 64.84 235 85.18 335 93.55 435 97.42 535 99.26
40 6.72 140 66.50 240 85.78 340 93.82 440 97.54 540 99.33
45 9.33 145 68.05 245 86.35 345 94.08 445 97.66 545 99.39
50 12.74 150 69.51 250 86.89 350 94.33 450 97.78 550 99.46
55 16.84 155 70.88 255 87.42 355 94.58 455 97.89 555 99.52
60 21.47 160 72.17 260 87.92 360 94.81 460 98.00 560 99.58
65 26.17 165 73.39 265 88.41 365 95.03 465 98.11 565 99.64
70 30.58 170 74.53 270 88.87 370 95.25 470 98.21 570 99.69
75 34.66 175 75.62 275 89.32 375 95.45 475 98.31 575 99.75
80 38.32 180 76.64 280 89.75 380 95.65 480 98.40 580 99.80
85 41.57 185 77.61 285 90.17 385 95.85 485 98.49 585 99.85
90 44,55 190 78.54 290 90.57 390 96.03 490 98.58 590 99.90
95 47.35 195 79.43 295 90.95 395 96.21 495 98.66 595 99.95
100 50.00 200 80.26 300 91.32 400 96.38 500 98.74 600 100.00
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Table 3-11.—Thunderstorm dimensionless unit hydrograph data, Rocky Mountains. ¢ = @ (Lg + %D)/Vol.

% of % of % of % of % of % of
(L, + D) q (L, + D) q (Lg+%D) q | (Lg+%D) q |(Ly+%D) q |(L,+%D) q
5 0.14 105 20.76 205 2.75 305 1.056 405 0.43 505 0.18
10 21 110 18.84 210 2.61 310 1.00 410 42 510 17
15 .33 115 16.81 215 2.44 315 0.96 415 .40 515 17
20 .51 120 14.99 220 2.31 320 92 420 .38 520 .16
25 .84 125 12.86 225 2.17 325 .88 425 .36 525 .16
30 1.62 130 11.04 230 2.04 330 .84 430 .35 530 .15
35 3.74 135 9.52 235 1.95 335 .81 435 .33 535 15
40 6.38 140 8.41 240 1.84 340 17 440 .32 540 14
45 8.61 145 7.50 245 1.76 345 .14 445 .31 545 14
50 10.94 150 6.69 250 1.69 350 it 450 .29 550 13
55 13.26 155 5.98 255 1.62 355 .68 455 .28 555 13
60 15.70 160 5.47 260 1.55 360 .65 460 27 560 12
65 18.23 165 4.97 265 1.49 365 .62 465 .26 565 A2
70 20.76 170 4.55 270 1.42 370 .59 470 .25 570 11
75 23.30 175 4.25 275 1.36 375 b7 475 .24 575 11
80 25.83 180 3.89 280 1.30 380 .55 480 .23 580 .10
85 28.36 185 3.59 285 1.24 385 .52 485 .22 585 10
90 26.53 190 3.34 290 1.19 390 .50 490 21 590 .09
95 24.71 195 3.13 295 1.14 395 48 495 .20 595 .09
100 22.68 200 2.93 300 1.09 400 .46 500 19 600 .08
Table 3-12.—Thunderstorm dimensionless S-graph data, Rocky Mountains.
Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
Time, % of Time, % of Time, % of Time, % of Time, % of Time, % of
% of L, ultimate |%ofL, ultimate |% ofL, ultimate | %ofL, ultimate |%ofL, ultimate | % of L, ultimate
5 0.03 105 54.43 205 87.87 305 95.09 405 98.11 505 99.40
10 .07 110 58.48 210 88.44 310 95.31 410 98.21 510 99.44
15 14 115 62.14 215 88.97 315 95.52 415 98.30 515 99.48
20 24 120 65.42 220 89.47 320 95.72 420 98.38 520 99.52
25 40 125 68.32 225 89.95 325 95.92 425 98.46 525 99.55
30 .70 130 70.83 230 90.39 330 96.10 430 98.54 530 99.58
35 1.39 135 72.98 235 90.81 335 96.28 435 98.62 535 99.62
40 2.57 140 74.86 240 91.22 340 96.45 440 98.69 540 99.65
45 4.21 145 76.53 245 91.60 345 96.61 445 98.76 545 99.68
50 6.31 150 78.02 250 91.96 350 96.77 450 98.82 550 99.71
55 8.86 155 79.35 255 92.31 355 96.92 455 98.89 555 99.73
60 11.88 160 80.55 260 92.64 360 97.06 460 98.95 560 99.76
65 15.39 165 81.65 265 92.96 365 97.20 465 99.01 565 99.78
70 19.41 170 82.65 270 93.27 370 97.33 470 99.06 570 99.82
75 23.92 175 83.57 275 93.57 375 97.46 475 99.12 575 99.85
80 28.93 180 84.44 280 93.85 380 97.58 480 99.17 580 99.88
85 34.43 185 85.22 285 94.12 385 97.69 485 99.22 585 9991
90 39.99 190 85.95 290 94.38 390 97.81 490 99.27 590 99.94
95 45.18 195 86.64 295 94.63 395 97.91 495 99.31 595 99.97
100 50.00 200 87.27 300 94.86 400 98.01 500 99.36 600 100.00
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Table 3-13.—Dimensionless unit hydrograph data, Southwest Desert, Great Basin, and Colorado Plateau. ¢ = @ (Lg + v2D)/Vol.

% of % of % of % of % of % of
(L, + D) q (L, + D) q (Lg+%D) q |(L,+%D) q |(L;+%D) ¢ (L, +%D) ¢
5 0.19 105 18.92 205 3.47 305 1.15 405 0.38 505 0.12
10 .32 110 16.08 210 3.28 310 1.08 410 .36 510 12
15 48 115 14.19 215 3.10 315 1.02 415 .34 515 11
20 74 120 12.61 220 2.93 320 0.97 420 .33 520 .10
25 1.21 125 11.04 225 2.75 325 91 425 .30
30 1.81 130 9.99 230 2.63 330 .86 430 .28
35 2.63 135 9.04 235 247 335 .82 435 27
40 3.68 140 8.20 240 2.33 340 78 440 .26
45 547 145 7.36 245 2.22 345 .74 445 24
50 8.41 150 6.78 250 2.10 350 .69 450 23
55 12.61 155 6.20 255 1.99 355 .66 455 22
60 16.50 160 5.83 260 1.88 360 .63 460 21
65 20.50 165 5.47 265 1.78 365 .59 465 .20
70 23.97 170 5.15 270 1.68 370 .56 470 19
75 27.75 175 4.84 275 1.59 375 .53 475 18
80 28.91 180 4.57 280 1.50 380 .50 480 17
85 28.07 185 4.31 285 1.43 385 47 485 16
90 26.38 190 4.10 290 1.36 390 45 490 15
95 24.18 195 3.87 295 1.28 395 .42 495 15
100 21.55 200 3.68 300 1.21 400 .40 500 13
Table 3-14.—Dimensionless S-graph data, Southwest Desert, Great Basin, and Colorado Plateau.
Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
Time, % of Time, % of Time, % of Time, % of Time, % of Time, % of
% of L, ultimate |%ofL, ultimate |%of L, ultimate % of L, ultimate |%ofL, ultimate |%ofL, ultimate
5 0.04 105 54.19 205 86.64 305 95.65 405 98.75 505 99.85
10 .10 110 57.86 210 87.36 310 95.89 410 98.84 510 99.89
15 .20 115 61.02 215 88.04 315 96.13 415 98.92 515 99.93
20 .34 120 63.83 220 88.68 320 96.35 420 98.99 520 99.97
25 b7 125 66.33 225 89.29 325 96.56 425 99.06 525 100.00
30 91 130 68.53 230 89.86 330 96.75 430 99.13
35 1.40 135 70.53 235 90.41 335 96.94 435 99.20
40 2.08 140 72.34 240 90.93 340 97.12 440 99.26
45 3.08 145 73.99 245 91.42 345 97.29 445 99.32
50 4.57 150 75.47 250 91.88 350 97.45 450 99.37
55 6.79 155 76.84 255 92.32 355 97.60 455 99.42
60 9.79 160 78.10 260 92.74 360 97.74 460 99.47
65 13.55 165 79.28 265 93.14 365 97.88 465 99.52
70 18.03 170 80.40 270 93.51 370 98.01 470 99.57
75 23.22 175 81.44 275 93.87 375 98.14 475 99.61
80 28.90 180 82.43 280 94.21 380 98.25 480 99.65
85 34.64 185 83.37 285 94.52 385 98.36 485 99.69
90 40.15 190 84.25 290 94.83 390 98.47 490 99.73
95 45.30 195 85.09 295 95.12 395 98.57 495 99.77
100 50.00 200 85.88 300 95.39 500 98.66 500 99.81
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Table 3-15.—Dimensionless unit hydrograph data, Sierra Nevada, Coast, and Cascade ranges. ¢ = Q (Ly + D)/ Vol.

% of % of % of % of % of % of
(L, + D) q (L, + %D) q (Lg+%D) q |(L,+%D) q |(L,+%D) ¢ (L, +%D) ¢
5 0.65 105 13.83 205 3.89 305 1.92 405 1.00 505 0.43
10 1.30 110 12.53 210 3.73 310 1.85 410 0.96 510 .40
15 1.95 115 11.36 215 3.58 315 1.78 415 93 515 .38
20 2.60 120 10.29 220 3.44 320 1.73 420 .90 520 .34
25 3.25 125 9.33 225 3.30 325 1.67 425 .87 525 31
30 4.23 130 8.73 230 3.18 330 1.62 430 .84 530 .28
35 5.51 135 8.17 235 3.08 335 1.57 435 .82 535 .25
40 717 140 7.65 240 2.98 340 1.52 440 .80 540 .22
45 9.34 145 7.15 245 2.88 345 1.47 445 J7 545 .19
50 12.17 150 6.69 250 2.79 350 1.42 450 15 550 16
55 13.88 155 6.33 255 2.69 355 1.38 455 72 556 14
60 15.83 160 5.99 260 2.60 360 1.34 460 .69 560 13
65 18.05 165 5.67 265 2.50 365 1.30 465 .66
70 20.59 170 5.36 270 2.41 370 1.26 470 .63
75 23.48 175 5.07 275 2.33 375 1.22 475 .61
80 21.54 180 4.85 280 2.26 380 1.18 480 .58
85 19.77 185 4,63 285 2.18 385 1.14 485 55
90 18.13 190 4.43 290 2.11 390 111 490 52
95 16.63 195 4.24 295 2.05 395 1.06 495 .49
100 15.26 200 4.06 300 1.98 400 1.03 500 .46
Table 3-16.—Dimensionless S-graph data, Sierra Nevada, Coast, and Cascade ranges.
Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
Time, % of Time, % of Time, % of Time, % of Time, % of Time, % of
%of L, ultimate |%ofL, ultimate |%ofL, ultimate |%ofL, ultimate |%ofL, ultimate |%ofL, ultimate
5 0.14 105 52.79 205 80.49 305 91.47 405 97.00 505 99.66
10 43 110 55.32 210 81.25 310 91.84 410 97.19 510 99.73
15 .86 115 57.60 215 81.98 315 92.20 415 97.38 515 99.79
20 1.44 120 59.66 220 82.68 320 92.55 420 97.56 520 99.84
25 2.17 125 61.57 225 83.35 325 92.89 425 97.73 525 99.89
30 3.13 130 63.35 230 84.00 330 93.22 430 97.90 530 99.92
35 4.38 135 65.01 235 84.63 335 93.53 435 98.06 535 99.96
40 6.04 140 66.56 240 85.24 340 93.83 440 98.22 540 99.99
45 8.21 145 68.01 245 85.83 345 94.13 445 98.36 545 100.00
50 10.94 150 69.38 250 86.40 350 94.41 450 98.51
55 14.06 155 70.67 255 86.94 355 94.69 455 98.64
60 17.64 160 71.89 260 87.47 360 94.96 460 98.78
65 21.73 165 73.04 265 87.98 365 95.22 465 98.90
70 26.42 170 74.13 270 88.47 370 95.47 470 99.02
75 31.28 175 75.16 275 88.94 375 95.71 475 99.13
80 35.72 180 76.15 280 89.40 380 95.94 480 99.23
85 39.78 185 77.10 285 89.84 385 96.17 485 99.33
90 43.50 190 78.00 290 90.27 390 96.39 490 99.42
95 46.91 195 78.87 295 90.69 395 96.60 495 99.51
100 50.00 200 79.70 300 91.08 400 96.81 500 99.59




Table 3-17.—Dimensionless unit hydrograph data, urban basins. ¢ = Q (L, + ¥%2D)/Vol.

FLOOD HYDROLOGY STUDIES

49

% of % of % of % of % of % of
(L, + AD) q (L, + ¥2D) q (Lg+%D) q | (L,+%D) q | (L,+%D) q |(L,+%D) gq
5 0.64 105 14.50 205 3.73 305 1.64 405 0.81 505 0.40
10 1.56 110 13.08 210 3.55 310 1.60 410 8 510 .39
15 2.52 115 12.19 215 3.37 315 1.53 415 .75 515 .37
20 3.57 120 11.31 220 3.24 320 1.49 420 73 520 .36
25 4.36 125 10.27 225 3.04 325 1.42 425 .69 525 .34
30 5.80 130 9.63 230 2.93 330 1.39 430 .67 530 .33
35 6.95 135 8.96 235 2.75 335 1.32 435 .64 535 32
40 8.38 140 8.27 240 2.67 340 1.28 440 .62 540 31
45 9.87 145 7.75 245 2.53 345 1.23 445 .60 545 .30
50 11.52 150 7.22 250 2.47 350 1.21 450 .58 550 .29
55 13.19 155 6.75 255 2.37 355 115 455 .56 555 .28
60 15.18 160 6.27 260 2.30 360 1.11 460 .54 560 27
65 17.32 165 5.94 265 2.21 365 1.07 465 .52 565 .26
70 19.27 170 5.55 270 2.12 370 1.03 470 .50 570 .25
75 19.74 175 5.24 275 2.04 375 1.00 475 .49 575 .24
80 20.00 180 4.92 280 1.98 380 0.97 480 48 580 24
85 19.74 185 4.63 285 1.90 385 .93 485 .46 585 .23
90 19.27 190 4.39 290 1.83 390 90 490 45 590 22
95 17.72 195 418 295 1.78 395 87 495 43 595 21
100 16.12 200 3.93 300 1.71 400 .84 500 41 600 21
Table 3-18.—Dimensionless S-graph data, urban basins.

Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
Time, % of Time, % of Time, % of Time, % of Time, % of Time, % of
%of L, ultimate | %ofL, ultimate |%ofL, ultimate | % ofL, ultimate | %ofL, ultimate |% ofL, ultimate

5 0.14 105 52.94 205 82.34 305 92.18 405 96.82 505 99.05
10 .48 110 55.64 210 83.06 310 92.51 410 96.98 510 99.12
15 1.04 115 58.13 215 83.75 315 92.82 415 97.13 515 99.19
20 1.82 120 60.42 220 84.40 320 93.12 420 97.27 520 99.26
25 2.84 125 62.53 225 85.02 325 93.40 425 97.41 525 99.33
30 4.11 130 64.50 230 85.60 330 93.68 430 97.54 530 99.39
35 5.64 135 66.32 235 86.17 335 93.95 435 97.67 535 99.45
40 7.49 140 68.01 240 86.71 340 94,21 440 97.79 540 99.51
45 9.67 145 69.59 245 87.23 345 94 .46 445 9791 545 99.57
50 12.21 150 71.06 250 87.73 350 94.69 450 98.03 550 99.62
55 15.14 155 72.42 255 88.22 355 94.92 455 98.14 555 99.67
60 18.51 160 73.711 260 88.68 360 95.15 460 98.25 560 99,72
65 22.33 165 74.91 265 89.13 365 95.36 465 98.35 565 99.77
70 26.47 170 76.04 270 89.56 370 95.57 470 98.45 570 99.82
75 30.71 175 77.10 275 89.98 375 95.77 475 98.54 575 99.87
80 34.95 180 78.10 280 90.38 380 95.96 480 98.64 580 99.91
85 39.12 185 79.04 285 90.77 385 96.15 485 98.73 585 99.95
90 43.09 190 79.94 290 91.14 390 96.33 490 98.81 590 99.99
95 46.72 195 80.78 295 91.50 395 96.50 495 98.89 595 100.00

100 50.00 200 81.58 300 91.85 400 96.66 500 98.97
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Table 3-19.—Synthetic unit hydrograph data.

0y 2 (3) 4) (5)

Sum-
mation Unit
Discharge, hydro- hydro-
Time, Time, % of graph, graph,
h % of lag ultimate ft3/s ft3/s
0 0 0 0 0
2 17 1 807 807
4 34 6 4840 4033
6 51 21 16939 12099
8 68 35 28232 11293
10 85 44 35491 7259
12 102 51 41138 5647
14 119 57 45978 4840
16 136 62 50011 4033
18 153 66 53237 3226

considerably more indeterminate than the surface
flow component.

The magnitude of the base flow of a storm is
largely dependent on antecedent storm conditions:
the magnitude of that storm and the time between
its occurrence and the onset of the subject storm.
If sufficient data are available (which is rarely the
case), a complete recession curve representing the
base-flow component for a given drainage basin can
be determined. The recession, or base flow, used in
the development of PMF’s should represent con-
ditions that are consistent with antecedent storm
conditions provided for in the storm study report.
For example, a higher recession flow should be used
in the case where there is a 1-day separation be-
tween the antecedent and probable maximum storm
than would be used in the case where a 5-day sep-
aration between storms is assumed. When prepar-
ing a flood study for an ungauged watershed, results
of observed flood reconstructions on hydrologically
similar drainage basins, relative to the base-flow
component, are used to estimate this component
for the ungauged basin. This may be accomplished
by converting the observed component to cubic feet
per second per square mile of basin area. The result
is then applied to the area of the subject ungauged
basin to determine its appropriate rate of base flow.
Assuming that the base, or recession, flow rate is
uniform for the entire duration of the PMF hydro-
graph is entirely proper.

The interflow component is essentially deter-
mined by a trial and error approach in the course

of observed flood hydrograph reconstructions. After
subtracting the base, or recession, flow component,
the remaining observed flood hydrograph is com-
posed of the surface flow and interflow components.
In separating the surface flow and interflow com-
ponents, care must be taken to ensure that neither
too much nor too little flow is assigned to the in-
terflow component. A balance is achieved by ade-
quate selection of infiltration loss rates.

When an ungauged watershed is studied, inter-
flow information from observed flood hydrograph
reconstructions for nearby, hydrologically similar
watersheds may be used to estimate the magnitude
and rate of change of discharge over time. As for
the base-flow component, the conversion from the
observed hydrograph to that for the ungauged basin
is based on a direct ratio of the respective drainage-
basin areas. The resulting interflow hydrograph
should incorporate a slowly rising limb, a rather
broad peak, and a long recession limb.

(g) Design-Flood Hydrographs.—The PMF hy-
drographs represent the maximum runoff condition
resulting from the most severe combination of hy-
drologic and meteorologic conditions considered
reasonably possible for a drainage basin. Accord-
ingly, because the unit hydrograph approach is used
to develop the design-flood hydrograph, the follow-
ing considerations should be used in computing the
flood hydrograph.

(1) The PMF is, by definition, based on a prob-
able maximum storm. The temporal distri-
bution of the storm rainfall, unless provided
in the appropriate hydrometeorological re-
port, should be arranged so that the maxi-
mum peak discharge and the maximum
concentration of discharge around the peak
is achieved.

(2) Infiltration rates subtracted from the storm
rainfall to obtain the excess amounts avail-
able for surface runoff should be the lowest
rates consistent with the soil types and the
underlying geologic conditions of the subject
basin. These minimum rates should be as-
sumed to prevail for the duration of the prob-
able maximum storm.

(3) The unit hydrograph used to compute the
PMF should represent extreme discharge
conditions. When studies are prepared for
gauged basins for which the results of the
observed flood hydrograph analyses are
available, care should be taken to ensure that
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Figure 3-11.—Typical components of total flood runoff hydrograph. 103-D-1858.

the unit hydrograph parameters adequately
reflect the streamflow conditions likely in a
probable maximum event. It is entirely ap-
propriate to decrease K, in the general unit
hydrograph lag equation to reflect the in-
creased hydraulic efficiency of the drainage
network associated with an extreme runoff
event. When the flood study involves an un-
gauged basin, considerable judgement must
be exercised to ensure that K, approximates
the expected hydraulic efficiency of the basin
during a probable maximum event.

The base-flow hydrograph component should
reflect the maximum rates of discharge con-
sistent with the magnitude and timing of the
antecedent flood event.

The interflow component should reflect con-
ditions expected from a probable maximum
storm event. However, this component will
probably not differ significantly from that
experienced in a relatively minor event be-
cause the hydraulic efficiency of the subsur-

face media through which this component
passes is essentially fixed.

The hydrograph representing surface runoff is
computed by applying the unit hydrograph to the
rainfall excess by the method of superposition, dis-
cussed previously. Hydrographs representing the
base-flow and interflow components are then added
to the surface-runoff hydrograph to obtain the total
PMF hydrograph.

In many cases a rain-on-snow PMF hydrograph
is desired. The basis and rationale for adding a
snowmelt runoff component to the rainflood hy-
drograph is discussed in section 3.10.

3.10. Flood Runoff From Snowmelt.—The Bu-
reau of Reclamation has used a method called,
“Snow Compaction Method for the Analyses of
Runoff From Rain on Snow.” This method requires
air temperatures, wind speeds, forest cover per-
centages, snow depths, and now densities at various
elevation bands. When the snowmelt runoff is ex-
pected to contribute to the PMF, the wind speeds
and air temperatures are usually furnished by Bu-
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reau meteorologists as a part of the probable max-
imum storm study. From a search of records, the
hydrologist determines the snow depths and densi-
ties considered reasonable for initial watershed con-
ditions. In most cases the drainage basin is divided
into elevation bands. These elevation bands are
usually selected at 500- or 1000-foot intervals, de-
pending on the size of the basin and the elevation
differences. Basins that are relatively flat may be
considered one elevation band. The probable max-
imum precipitation contribution is added to the
snowmelt contribution from each elevation band.
The combined contribution is then averaged over
the total basin.

This method of determining the total flood runoff
from snowmelt requires several decisions by the hy-
drologic engineer. Several trial arrangements of the
rainfall, wind speeds, and air temperatures are usually
required to ensure that the largest flood has been
computed. The initial snow depths and densities may
also need adjustment to ensure that a reasonable
amount of snow has been melted and not too much
rain has been trapped in the snow remaining in the
upper-elevation bands. Without experience and care,
this method can become erratic. Thus, for consistency
and ease of application, the use of a 100-year snow-
melt flood combined with the probable maximum
rainflood is considered a suitable alternative to the
snow compaction method.

The normally accepted practice of the Bureau of
Reclamation is to combine the probable maximum
rainflood with a snowmelt flood reasonably ex-
pected at the time of year that the probable max-
imum storm occurs. Of course, this practice is only
used for those areas where significant snowpacks
occur.

The most common and simplest method of ac-
counting for snowmelt is to use a 100-year snowmelt
flood. A frequency analysis of the maximum annual
snowflood volume is made, and the 100-year flood
is determined. The usual period of runoff selected
is 15 days. The 100-year snowmelt flood is then
distributed over time using the largest recorded
snowmelt flood as the basis for distribution. The
resulting snowmelt-flood hydrograph is generally
expressed in terms of mean daily flows for the
15-day period, with diurnal fluctuations neglected.

The rainflood hydrograph is then superimposed
on the snowmelt flood hydrograph with the rain
assumed to occur during the day or days of the
greatest snowmelt flooding. This assumption is

made so that the maximum rain occurs during the
warmest period. The resulting combined rain-on-
snow flood is the PMF.

3.11. Envelope Curves of Prior Flood Dis-
charges.—Each flood hydrology study should con-
sider information on the flood peak and the volumes
that have been experienced in the hydrologic region.
This information is presented in the form of a curve
enveloping the data points representing the peak
discharge or the flow volume for a specified time
duration versus the drainage area contributing to
the flood runoff. Figure 3-12 depicts an example of
this relationship.

These curves are particularly valuable in the de-
velopment of PMF estimates because they provide
definitive information on the magnitude of floods
that have occurred over various size drainage basins
in a hydrologically homogeneous region. They
should not be construed as indicating the limit of
the magnitude of future flood events. As time passes
and more data are collected, each envelope curve
will inevitably be altered upward. PMF values
should always be higher than the properly drawn
envelope curve. If this is not the case, both the en-
velope curve and the PMF estimate must be care-
fully reviewed to determine whether some
hydrologic or meteorologic parameter has been ne-
glected or improperly used.

When preparing these envelope curves, the hy-
drologic engineer must exercise care to ensure that
the flood values used represent flood events with
similar causative factors. Four primary causative
factors should be recognized, and the data should
be segregated accordingly: (1) thunderstorm-type
events, in which the resulting flood is caused by
high-intensity, short-duration rainfall; (2) general
rain-type events, in which the resulting flood is
caused by moderate-intensity, long-duration rain-
fall; (3) snowmelt floods, resulting from the melting
of an accumulated snowpack; and (4) floods result-
ing from rain falling on a melting snowpack. Each
envelope curve should provide information on the
causative factor represented.

The hydrologic engineer must ensure that the
basins represented are hydrologically homogeneous.
For example, it is improper to include data repre-
senting steep mountainous basins with those rep-
resenting low-relief plains basins. In many in-
stances, severe storms cover only a part of a large
basin, but produce an extremely high flood. In these
cases the drainage area used in developing the en-
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velope curve should be that of the storm not the
entire basin area above the stream gauge.

The basic source of data used to develop envelope
curves is the USGS “Water Supply Paper” series.
Particularly important in the development of peak
discharge envelope curves are the papers in this
series titled, “Magnitude and Frequency of Floods
in the United States.” The 10 volumes in this series,
which covers the entire United States, summarize
all recorded peak discharges at the USGS stream-
gauging network up to 1 or 2 years before their
publication. The records for subsequent years in the
annual “Water Supply Papers” for gauges in the
region should be closely examined to determine
whether the values in the “Magnitude and Fre-
quency . ...” series have been exceeded. If so, they
should be recorded for further use. The annual
“Water Supply Papers” are also used to develop
volume envelope curves generally representing 5-,
10- and 15-day volumes. Several State governments,
generally through either their water resource
agency or highway department, have installed net-
works of crest-stage gauges. Records of peak dis-
charges at these gauges are published at various
intervals. The hydrologic engineer should contact
these agencies and obtain these data, if available.
In many cases, these data provide a valuable sup-
plement to the systematic data acquired and pub-
lished by the USGS. There are other sources of
data, such as reports prepared by the Corps of En-
gineers, USGS, National Weather Service, Bureau
of Reclamation, and some local and county govern-
ments, that provide considerable information on
specific flood events.

The procedure for developing envelope curves is
relatively simple:

(1) On a small-scale map, outline the limits of
the geographical area where the character of
hydrologic and meterologic phenomena are
similar.

(2) Locate all streamflow gauging stations (both
recording and crest-stage) within the geo-
graphic area and plot them on the small-
scale map. They should be properly identi-
fied with the conventional USGS station
number or name (e.g., Arkansas River at
Pueblo, Colorado).

(3) Arrange the data in tabular form as follows:
column 1, the identifying number for cross
referencing the data point on the map and
on the envelope curve with this tabulation;

column 2, the name of the stream or river as
shown in the “Water Supply Papers’”; col-
umn 3, the location of the gauge on the river
or stream, as listed in the ‘“Water Supply
Papers”; column 4, the drainage area in
square miles (if only the contributing area of
the storm is used, list that area and provide
a footnote to that effect); column 5, the date
of the flood event; column 6, the peak dis-
charge in cubic feet per second; column 7,
the flood volume recorded over the desired
period (this period should be specified in the
column heading).

(4) Plot the data on log-log paper having enough
cycles to cover the range in discharges and
area sizes represented by the data. In all
cases the area is to be on the abscissa scale
and the discharge on the ordinate scale.

(5) Draw a smooth preliminary curve that en-
velopes the plotted data points.

(6) It will now be apparent that only a few of
the data points control the position of the
envelope curve. Analyze the data for each
control point to ensure that the data repre-
sent runoff from basins that have topogra-
phy, soils, vegetation, and meteorological
characteristics comparable with those of the
subject basin. Eliminate points associated
with inconsistencies.

(7) After verifying that the control points are
suitable, draw the final envelope curve, as
shown on figure 3-12.

3.12. Estimates of Frequency of Occurrence of
Floods.—Estimates of the magnitude of floods hav-
ing probabilities of being equaled or exceeded of 1
in 5, 11in 10, or 1 in 25 years are helpful in esti-
mating the requirements for stream diversion dur-
ing the construction of a dam and its appurtenent
features. These floods are normally termed the
“5-,10-, and 25-year floods,” respectively. The mag-
nitude of a more rare event, such as a 50- or 100-
year flood, may be required to establish the sill lo-
cation of emergency spillways, to design diversion
dams, and for other purposes. The common expres-
sion, “x-year flood,” should not lead to the conclu-
sion that the event so described can occur only once
in x years or, having occurred, will not occur again
for another x years. It does mean that the x-year
flood has a probability of 1/x of being equaled or
exceeded in any year. Floods occur randomly; they
may be bunched or spread out unevenly with respect
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Figure 3-12.—Typical envelope curve. 103-D-1859.

to time. No predictions are possible for determining
their distribution: the PMF may even occur the first
year after a dam is completed, although the odds
are heavily against it.

The hydrograph of a flood of a particular fre-
quency is usually sketched to conventional shape
using the peak-discharge value and corresponding
volume values obtained from computed volume fre-
quency curves. In some instance, the peak discharge
and associated volume of a recorded flood corre-
spond closely with a particular frequency value; in
which case the recorded flood hydrograph is used.

If streamflow data for a period of 20 years or
more are available for the subject watershed or for
comparable watersheds, frequency-curve compu-
tations yield acceptable results for estimates up to
the 25-year flood. The frequency curve data may
even be extrapolated to indicate the 100-year flood
with a fair chance of obtaining acceptable values.
However, in no case should the frequency curve be
extrapolated beyond twice the length of record or
100 years, whichever is greater.

Many methods of flood-frequency determina-
tions based on streamflow data have been pub-
lished. Although these methods are all based on
acceptable statistical procedures, the differences in
methodology can cause appreciably different results
when extensions are made beyond the range of ad-
equate data. To standardize Federal water resources
planning, the Water Resources Council has rec-
ommended that all Government agencies use the
Log-Pearson Type III distribution as a base
method. This method is described in their Bulletin
17B, “Guidelines for Determining Flood Flow Fre-
quencies,” dated September 1981.

For watersheds where runoff originates from
rainfall and for which streamflow data are not avail-
able (usually small watersheds), an indication of
flood frequencies can be obtained by estimating
probable runoff from precipitation data of the de-
sired frequency. Probable rainfall intensities for
short durations can be obtained from National
Weather Service publications or, in some instances,
by direct frequency analyses of records at nearby



56 DESIGN OF SMALL DAMS

precipitation stations. These data provide means of
obtaining probable “x-year” precipitation values for
various periods. These precipitation values are con-
verted to runoff using the unit hydrograph ap-
proach discussed in section 3.9. The uncertainties
inherent in estimating the amount of runoff from
a given amount of rainfall make this procedure less
reliable than the use of strearflow data.

3.13. Flood Hydrology Reports.—A report
clearly documenting all the assumptions, rationale,
methodology, and results of hydrologic analyses
must be prepared for each flood hydrology study.
These reports should include sufficient detail to en-
able the reader to independently reproduce all flood
values in the report. Each report should include the
following 13 items.

(1) Authority.—Cite the appropriate legisla-
tion, regulations, etc., and include the gen-
eral purpose or purposes of the project.

(2) Summary of study results,—Include peak
and volume information for the PMF and
for floods of specific frequencies. Include a
summary statement of the reservoir routing
recommendations and cite the level of
study; e.g., appraisal, feasibility.

(3) General.—Include a discussion of all formal
and informal agreements reached by the
various organizational levels on the tech-
nical aspects of the flood study. Present a
brief discussion of each previous flood study
with a summary of its results.

(4) Basin description.—Cite the geographic lo-
cation of the basin and its area, and describe
the terrain features, including the elevation
range, basin development, drainage net-
work, geological setting, soils, and vegeta-
tive cover. Include a discussion and the
pertinent data for existing water-control fa-
cilities in the basin. The discussion of basin
development should include a statement on
anticipated future development based on
projections made by the most authoritative
source available.

(5) Storm study.—Reference pertinent sum-
mary data from the storm study (for a self-
contained report, it is desirable to include
the complete storm study as an appendix).
This reference should include a discussion
of the basin and regional climatology.

(6) Unit hydrograph.—Cite the basis and ra-
tionale for selecting the dimensionless unit
hydrograph and the lag curve. If a selection

(7

(8)

9)

(10)

(11)

(12)

(13)

is based on a reconstruction of an observed
event, the reconstruction study should be
thoroughly described.

Loss rates.—Provide the basis and rationale
for selecting the infiltration rates used to
develop the PMF. If these are based on an
observed flood hydrograph reconstruction,
refer to the section on unit hydrographs
(sec. 3.9).

Snowmelt.—Cite the assumptions on the
extent of snow cover, snowpack depth and
density, distribution over the basin, and the
percent of forest cover.

Probable maximum flood.—Provide a brief
discussion of abstraction of losses from
rainfall and unit hydrograph application of
excess rainfall to arrive at the PMF hydro-
graph. Include information on the base-flow
assumptions, and summarize peak and vol-
ume data.

Frequency analysis.—Provide a peak dis-
charge-frequency curve to determine con-
struction diversion requirements and for
possible use in risk-based analyses. The
narrative should provide information on the
source of the streamflow data, length of rec-
ords available, and use of a regionalized ap-
proach (if applicable). If specific-frequency
floods developed by the rainfall-runoff
model approach are used to define the dis-
charge-frequency curve, information cited
in paragraphs (5) through (8) above should
be presented.

Antecedent flood.—Provide the basis and
rationale for the antecedent flood selected,
particularly in regard to its magnitude and
timing (with respect to the PMF). Together
the antecedent flood and the PMF make up
the PMF series and should be presented as
such in the report.

Reservoir routing criteria.—Provide rec-
ommendations on the pool level assumed at
the onset of the PMF series. Include flood-
control regulations, if appropriate. Discuss
the assumptions relative to the use of hy-
draulic release features during the PMF
and antecedent floods.

Envelope curves.—Show all points used to
position the curve. Label each point with
either the station name or a number refer-
ring to an accompanying table that lists the
name and location of each station.
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Chapter 4

Selection of Type of Dam

A. CLASSIFICATION OF TYPES

4.1. General.—Dams may be classified into a
number of different categories, depending upon the
purpose of the classification. For the purposes of
this manual, it is convenient to consider three broad
classifications: Dams are classified according to
their use, their hydraulic design, or the materials
of which they are constructed.

4.2. Classification According to Use.—Dams
may be classified according to the broad function
they serve, such as storage, diversion, or detention.
Refinements of these classifications can also be
made by considering the specific functions involved.

Storage dams are constructed to impound water
during periods of surplus supply for use during pe-
riods of deficient supply. These periods may be sea-
sonal, annual, or longer. Many small dams impound
the spring runoff for use in the dry summer season.
Storage dams may be further classified according
to the purpose of the storage, such as water supply,
recreation, fish and wildlife, hydroelectric power
generation, irrigation, etc. The specific purpose or
purposes to be served by a storage dam often in-
fluence the design of the structure and may estab-
lish criteria such as the amount of reservoir
fluctuation expected or the amount of reservoir
seepage permitted. Figure 4-1 shows a small earth-
fill storage dam, and figure 4-2 shows a concrete
gravity structure serving both diversion and storage
purposes.

Diversion dams are ordinarily constructed to
provide head for carrying water into ditches, canals,
or other conveyance systems. They are used for ir-
rigation developments, for diversion from a live
stream to an off-channel-location storage reservoir,
for municipal and industrial uses, or for any com-
bination of the above. Figure 4-3 shows a typical
small diversion dam.

Detention dams are constructed to retard flood
runoff and minimize the effect of sudden floods.
Detention dams consist of two main types. In one

type, the water is temporarily stored and released
through an outlet structure at a rate that does not
exceed the carrying capacity of the channel down-
stream. In the other type, the water is held as long
as possible and allowed to seep into pervious banks
or into the foundation. The latter type is sometimes
called a water-spreading dam or dike because its
main purpose is to recharge the underground water
supply. Some detention dams are constructed to
trap sediments; these are often called debris dams.

Although it is less common on small projects
than on large developments, dams are often con-
structed to serve more than one purpose. Where
multiple purposes are involved, a reservoir alloca-
tion is usually made to each distinct use. A common
multipurpose project combines storage, flood con-
trol, and recreational uses.

4.3. Classification by Hydraulic Design.—

Dams may also be classified as overflow or non-
overflow dams.

Overflow dams are designed to carry discharge
over their crests or through spillways along the
crest. Concrete is the most common material used
for this type of dam.

Nonoverflow dams are those designed not to be
overtopped. This type of design extends the choice
of materials to include earthfill and rockfill dams.

Often the two types are combined to form a com-
posite structure consisting of, for example, an ov-
erflow concrete gravity dam with earthfill dikes.
Figure 4-4 shows such a composite structure built
by the Bureau of Reclamation.

4.4 Classification by Materials.—The most
common classification used for the discussion of
design procedures is based upon the materials used
to build the structure. This classification also usu-
ally recognizes the basic type of design, for example,
the “concrete gravity” dam or the “concrete arch”
dam.

This text is limited in scope to consideration of

59
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Figure 4-1.—Crescent Lake Dam, a small earthfill storage dam on Crescent Creek in Oregon.

the more common types of dams constructed today;
namely, earthfill, rockfill, and concrete gravity
dams. Other types of dams, including concrete arch,
concrete buttress, and timber dams, are discussed
briefly with an explanation of why their designs are
not covered in this text.

4.5. Earthfill Dams.—Earthfill dams are the
most common type of dam, principally because their
construction involves the use of materials from re-
quired excavations and the use of locally available
natural materials requiring a minimum of process-
ing. Using large quantities of required excavation
and locally available borrow are positive economic
factors related to an earthfill dam. Moreover, the
foundation and topographical requirements for
earthfill dams are less stringent than those for other

806-126-92.

types. It is likely that earthfill dams will continue
to be more prevalent than other types for storage
purposes, partly because the number of sites favor-
able for concrete structures is decreasing as a result
of extensive water storage development. This is par-
ticularly true in arid and semiarid regions where
the conservation of water for irrigation is a fun-
damental necessity.

Although the earthfill classification includes sev-
eral types, the development of modern excavating,
hauling, and compacting equipment for earth ma-
terials has made the rolled-fill type so economical
as to virtually replace the semihydraulic- and
hydraulic-fill types of earthfill dams. This is es-
pecially true for the construction of small struc-
tures, where the relatively small amount of material
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Figure 4-2.—Black Canyon Dam, a concrete-gravity storage and diversion structure on the Payette River in Idaho.

to be handled precludes the establishment of the
large plant required for efficient hydraulic opera-
tions. For these reasons, only the rolled-fill type of
earthfill dam is treated in this text. Rolled-fill
earthfill dams are further classified as “homoge-
neous,” ‘‘zoned,” or “diaphragm,’ as described in
chapter 6.

Earthfill dams require appurtenant structures to
serve as spillways and outlet works. The principal
disadvantage of an earthfill dam is that it will be
damaged or may even be destroyed under the erosive
action of overflowing water if sufficient spillway ca-
pacity is not provided. Unless the site is offstream,
provision must be made for diverting the stream
past the damsite through a conduit or around the
damsite through a tunnel during construction. A

diversion tunnel or conduit is usually provided for
a concrete dam; however, additional provisions can
be made for overtopping of concrete blocks during
construction. A gap in an embankment dam is
sometimes used for routing the river through the
damsite during construction of portions of the dam
on either or both sides of the gap. See chapter 11
for a more detailed description of diversion during
construction.

4.6. Rockfill Dams.—Rockfill dams use rock of
all sizes to provide stability and an impervious
rembrane to provide watertightness. The mem-
brane may be an upstream facing of impervious soil,
a concrete slab, asphaltic-concrete paving, steel
plates, other impervious elements, or an interior
thin core of impervious soil.
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Figure 4-3.—Knight Diversion Dam, a small diversion structure on the Duchesne River near Duchesne, Utah. P66-400-3167.

Like the earth embankments, rockfill dams are
subject to damage or destruction by the overflow of
water and so must have a spillway of adequate ca-
pacity to prevent overtopping. An exception is the
extremely low diversion dam where the rockfill fac-
ing is designed specifically to withstand overflows.
Rockfill dams require foundations that will not be
subject to settlements large enough to rupture the
watertight membrane. The only suitable founda-
tions,. therefore, are rock or compact sand and
gravel.

The rockfill type dam is suitable for remote lo-
cations where the supply of good rock is ample,
where the scarcity of suitable soil or long periods
of high rainfall make construction of an earthfill
dam impractical, or where the construction of a

concrete dam would be too costly. Rockfill dams are
popular in tropical climates because their construc-
tion is suitable for long periods of high rainfall.

4.7. Concrete Gravity Dams.—Concrete grav-
ity dams are suitable for sites where there is a rea-
sonably sound rock foundation, although low
structures may be founded on alluvial foundations
if adequate cutoffs are provided. They are well
suited for use as overflow spillway crests and, be-
cause of this advantage, are often used as spillways
for earthfill or rockfill dams or as overflow sections
of diversion dams.

Gravity dams may be either straight or curved
in plan. The curved dam may offer some advantage
in both cost and safety. Occasionally the dam cur-
vature allows part of the dam to be located on a



SELECTION OF TYPE OF DAM 63

figure 4-4.—Olympus Dam, a combination earthfill and concrete-gravity structure on the Big Th;npson River in Colorado. The
concrete section contains the spillway and an outlet works to a canal. 245-704-3117.

stronger foundation, which requires less excavation.
The concept of constructing concrete dams using
RCC (roller-compacted concrete) has been devel-
oped and implemented. Several RCC dams have
been constructed in the United States and in other
countries. The technology and design procedures,
however, are not presented in this manual because
procedures and approaches are relatively new and
are still being developed.

4.8. Concrete Arch Dams.—Concrete arch
dams are suitable for sites where the ratio of the
width between abutments to the height is not great
and where the foundation at the abutments is solid
rock capable of resisting arch thrust.

Two types of arch dams are defined here: the
single and the multiple arch dam. A single arch dam

spans a canyon as one structure and is usually lim-
ited to a maximum crest length to height ratio of
10:1. Its design may include small thrust blocks on
either abutment, as necessary, or a spillway some-
where along the crest. A multiple arch dam may be
one of two distinct designs. It may have either a
uniformly thick cylindrical barrel shape spanning
50 feet or less between buttresses, such as Bartlett
Dam in Arizona, or it may consist of several single
arch dams supported on massive buttresses spaced
several hundred feet on centers. The dam’s purpose,
whether it be a permanent major structure with a
life expectancy of 50 years or a temporary cofferdam
with a useful life of 5 years, will directly influence
the time for design and construction, the quality of
materials in the dam and foundation, the founda-
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tion treatment, and the hydraulic considerations.
Structural and economic aspects prohibit the design
of an arch dam founded on stiff soil, gravel, or cob-
blestones. Uplift usually does not affect arch dam
stability because of the relative thinness through
the section, both in the dam and at the concrete-
rock contact.

Historically, both permanent and temporary
concrete dams have survived partial and complete
inundation, both during and after construction.

Because the design of an arch dam is specialized,
a detailed discussion is not included in this book.
Refer to Design of Arch Dams, a Bureau of Recla-
mation publication, for discussions on design, loads,
methods of analysis, safety factors, etc.

4.9. Concrete Buttress Dams.—Buttress dams
are comprised of flat deck and multiple arch struc-
tures. They require about 60 percent less concrete
than solid gravity dams, but the increased formwork
and reinforcement steel required usually offset the
savings in concrete. A number of buttress dams
were built in the 1930’s, when the ratio of labor
costs to material costs was comparatively low. The

cost of this type of construction is usually not com-
petitive with that of other types of dams when labor
costs are high.

The design of buttress dams is based on the
knowledge and judgment that comes only from
specialized experience in that field. Because of this
fact and because of the limited application for but-
tress dams under present-day conditions, their de-
sign is not covered in this text.

4.10. Other Types.—Dams of types other than
those mentioned above have been built, but in most
cases they meet some unusual local requirement or
are of an experimental nature. In a few instances,
structural steel has been used both for the deck and
for the supporting framework of a dam. And before
1920, a number of timber dams were constructed,
particularly in the Northwest. The amount of labor
involved in the timer dam, coupled with the short
life of the structure, makes this type of structure
uneconomical for modern construction. Timber and
other uncommon types of dams are not treated in
this text.

B. PHYSICAL FACTORS GOVERNING SELECTION OF TYPE

4.11. General.—During the early stages of
planning and design, selection of the site and the
type of dam should be carefully considered. It is
only in exceptional circumstances that only one
type of dam or appurtenant structure is suitable for
a given damsite. Generally, preliminary designs and
estimates for several types of dams and appurtenant
structures are required before one can be proved
the most suitable and economical. It is, therefore,
important to understand that the project is likely
to be unduly expensive unless decisions regarding
the site selection and the type of dam are based
upon adequate study.

The selection of the type of dam requires
cooperation among experts representing several
disciplines—including planners; hydrologists;
geotechnical, hydraulic, and structural engineers;
and engineering geologists—to ensure economical
and appropriate designs for the physical factors,
such as topography, geology and foundation
conditions, available materials, hydrology, and
seismicity.

Protection from spillway discharges, limitations

of outlet works, the problem of diverting the stream
during construction, availability of labor and equip-
ment, accessibility of the site, physical features of
the site, the purpose of the dam, and dam safety all
affect the final choice of the type of dam. Usually,
the final choice of the type of dam is based on a
comparison of the costs to construct the various
dam types studied. The following paragraphs dis-
cuss important physical factors in the choice of the
type of dam.

4.12. Topography.—Topographic considera-
tions include the surface configuration of the dam-
site and of the reservoir area and accessibility to
the site and to construction materials. Topography,
in large measure, dictates the fist choice of the type
of dam. A narrow stream flowing between high,
rocky walls would naturally suggest a rockfill or
concrete overflow dam. On the other hand, low, roll-
ing plains would suggest an earthfill dam. Inter-
mediate conditions might suggest other choices,
such as a composite structure. The point is that
topography is of major significance in choosing the
dam type.
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Topography may also have an important influ-
ence on the selection of appurtenant structures. For
example, if there are natural saddles, it may be pos-
sible to locate a spillway through a saddle. If the
reservoir rim is high compared with the dam height,
and it is unbroken, a chute or tunnel spillway might
be necessary. The spillway considerations can in-
fluence the type of dam. In a deep, steep-walled
canyon, it might be more economical to construct
a concrete dam with an overflow spillway than to
provide a spillway for a rockfill dam.

4.13. Geology and Foundation Conditions.—

The suitability of the various types of rock and
soil as foundation and construction materials are
geologic questions that must be considered. The
foundation geology at a damsite often dictates the
type of dam suitable for that site. The strength,
thickness, and inclination of strata; permeability;
fracturing; and faulting are all important consid-
erations in selecting the dam type. Some of the dif-
ferent foundations commonly encountered are
discussed below.

(a) Rock Foundations.—Competent rock foun-
dations, which are free of significant geologic de-
fects, have relatively high shear strengths, and are
resistant to erosion and percolation, offer few re-
strictions as to the type of dam that can be built
upon them. The economy of materials or the overall
cost should be the ruling factor. The removal of
disintegrated rock together with the sealing of
seams and fractures by grouting is frequently nec-
essary. Weaker rocks such as clay shales, some
sandstones, weathered basalt, etc., may present sig-
nificant problems to the design and construction of
a dam and may heavily influence the type of dam
selected.

{b) Gravel Foundations.—Gravel foundations, if
well compacted, are suitable for earthfill or rockfill
dams. Because gravel foundations are frequently
subjected to water percolation at high rates, special
precautions must be taken to provide adequate
seepage control or effective water cutoffs or seals.

{c¢) Silt or Fine Sand Foundations.—Silt or fine
sand foundations can be used for low concrete grav-
ity dams and earthfill dams if properly designed,
but they are generally not suitable for rockfill dams.
Design concerns include nonuniform settlement,
potential soil collapse upon saturation, uplift forces,
the prevention of piping, excessive percolation
losses, and protection of the foundation at the
downstream embankment toe from erosion.

(d) Clay Foundations.—Clay foundations can be
used for the support of earthfill dams, but require
relatively flat embankment slopes because of rela-
tively lower foundation shear strengths. Clay foun-
dations under dams can also consolidate sig-
nificantly. Because of the requirement for flatter
slopes and the tendency for clay foundations to set-
tle a lot, it is usually not economical to construct
a rockfill dam on a clay foundation. Clay founda-
tions are also ordinarily not suitable for concrete
gravity dams. Tests of the foundation material in
its natural state are usually required to determine
the consolidation characteristics of the foundation
strata and their ability to support the superimposed
load.

{e) Nonuniform Foundations.—Qccasionally,
situations occur where reasonably uniform foun-
dations of any of the types described above cannot
be found and where a nonuniform foundation of
rock and soft material must be used if the dam is
to be built. Nevertheless, such conditions can often
be counterbalanced by special design features. Even
damsites that are not highly unusual present special
problems requiring the selection of appropriate
treatment by experienced engineers.

The details of the foundation treatments men-
tioned above are given in the appropriate chapters
on the design of earthfill, rockfill, and concrete
gravity dams (chs. 6, 7, and 8, respectively).

4.14. Materials Available.—Materials for
dams of various types that may sometimes be avail-
able at or near the site are:

» Soils for embankments

» Rock for embankments and riprap

e Concrete aggregate (sand, gravel, crushed

stone)

Elimination or reduction of transportation ex-
penses for construction materials, particularly
those used in great quantities, reduce the total cost
of the project considerably. The most economical
type of dam is often the one for which a large quan-
tity of materials can be found within a reasonable
distance from the site.

The availability of suitable sand and gravel for
concrete at a reasonable cost locally and, perhaps,
even on property to be acquired for the project is a
factor favorable to the selection of a concrete struc-
ture. The availability of suitable rock for rockfill is
a factor favorable to the selection of a rockfill dam.
Every local resource that reduces the cost of the
project without sacrificing the efficiency and qual-
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ity of the final structure should be used.

4.15. Hydrology.—Hydrologic studies exam-
ine the project purposes stated in section 4.2 in the
paragraph on storage dams. There is a close rela-
tionship between the hydrologic and economic fac-
tors governing the choice of the type of dam and
appurtenant structures. Streamflow characteristics
and precipitation may appreciably affect the cost of
construction by influencing the treatment and di-
version of water and extending the construction
time. Where large tunnels are required for diver-
sion, conversion of the tunnels to tunnel spillways
may provide the most economical spillway
alternative.

4.16. Spillway.—A spillway is a vital appurte-
nance of a dam. Frequently, its size and type and
the natural restrictions in its location are the con-
trolling factors in the choice of the type of dam.
Spillway requirements are dictated primarily by the
runoff and streamflow characteristics, independent
of site conditions or type or size of the dam. The
selection of specific spillway types should be influ-
enced by the magnitudes of the floods to be passed.
Thus, it can be seen that on streams with large flood
potential, the spillway is the dominant structure,
and the selection of the type of dam could become
a secondary consideration.

The cost of constructing a large spillway is fre-
quently a considerable portion of the total cost of
the project. In such cases, combining the spillway
and dam into one structure may be desirable, in-
dicating the selection of a concrete overflow dam.
In certain instances, where excavated material from
separate spillway channels can be used in the dam
embankment, an earthfill dam may prove to be ad-
vantageous. Small spillway requirements often fa-
vor the selection of earthfill or rockfill dams, even
in narrow damsites.

The practice of building overflow concrete spill-
ways on earth or rock embankments has generally
been discouraged because of the more conservative
design assumptions and added care needed to fore-
stall failures. Inherent problems associated with
such designs are unequal settlements of the struc-

ture caused by differential consolidations of the em-
bankment and foundation after the reservoir loads
are applied; the need for special provisions to pre-
vent the cracking of the concrete or opening of
joints that could permit leakage from the channel
into the fill, with consequent piping or washing
away of the surrounding material; and the require-
ment for having a fully completed embankment be-
fore spillway construction can be started.
Consideration of the above factors coupled with in-
creased costs brought about by more conservative
construction details, such as arbitrarily increased
lining thickness, increased reinforcement steel, cut-
offs, joint treatment, drainage, and preloading, have
generally led to selection of alternative solutions
for the spillway design. Such solutions include plac-
ing the structure over or through the natural ma-
terial of the abutment or under the dam as a
conduit.

One of the most common and desirable spillway
arrangements Is the use of a channel excavated
through one or both of the abutments outside the
limits of the dam or at some point removed from
the dam. Where such a location is adopted, the dam
can be of the nonoverflow type, which extends the
choice to include earthfill ard rockfill structures.
Conversely, failure to locate a spillway site away
from the dam requires the selection of a type of
dam that can include an overflow spillway. The ov-
erflow spillway can then be placed so as to occupy
only a portion of the main river channel, in which
case the remainder of the dam could be either of
earth, rock, or concrete. Olympus Dam (fig. 4-4) is
an example of this type of dam.

4.17. Earthquake.—If the dam lies in an area
that is subject to earthquake shocks, the design
must provide for the added loading and increased
stresses. Earthquake design considerations for
earthfill, rockfill, and concrete gravity dams are dis-
cussed in chapters 6, 7, and 8, respectively. For
earthquake areas, neither the selection of type nor
the design of the dam should be undertaken by any-
one not experienced in this type of work.

C. LEGAL, ECONOMIC, AND ESTHETIC CONSIDERATIONS

4.18. Statutory Restrictions.—Statutory re-
strictions exist with respect to control of the waters

of navigable streams. Plans for diversion or control
of waters in such streams are subject to approval
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by the Corps of Engineers, U.S. Department of the
Army. There are numerous other Federal and State
regulations relating to dam construction and op-
eration that may affect the choice of the type of
structure. Almost every State has laws and regu-
lations governing the design, construction, and op-
eration of all dams and reservoirs of appreciable
size. Engineers or owners considering dam con-
struction in any of the 50 States should contact the
proper State authorities before proceeding with de-
tailed designs.

4.19. Purpose and Benefit-Cost Relation.—

Consideration of the purpose a dam is to serve
often suggests the type most suitable. For example,
selection of the type of dam can be based on
whether its principal function is to furnish contin-
uous and dependable storage of the water supply
for irrigation, power, or domestic use; to control
floods by detention; to regulate the flow of the
streams; or to be a diversion dam or a weir without
storage features.

Few sites exist where a safe and serviceable dam
could not be built. But in many instances, condi-
tions inherent in the site result in a project cost in
excess of the justifiable expenditure. The results of
a search for desirable damsites often determine
whether a project can be built at a cost consistent
with the benefits to be derived from it. Accepted

procedures are available for evaluating the benefits
from waterpower, irrigation, and water-supply uses.
However, the procedures are less well-defined for
flood control, and there is no satisfactory measure
of the value of recreational projects.

Justification for recreational development must
be based on an evaluation of the population that
will benefit, the locations of other similar projects,
and the trend of development in the district (ap-
preciative and depreciative)—all as related to the
cost of the project and the money available. In a
case where a development is desired, but the num-
ber of people that would be served is limited, the
development of an expensive site may not be jus-
tified. In another case, the present need may be
great, but declining population and property values
must be considered. In both instances, the devel-
opment selected should be as inexpensive as pos-
sible—probably a low dam of small storage capacity.

4.20. Appearance.—In general, every type of
structure should have a finished, workmanlike ap-
pearance, compatible with its functional purpose.
The alignment and texture of finished surfaces
should be true to the design requirements and free
from unsightly irregularities. Esthetic considera-
tions may have an important bearing on the selec-
tion of the type of structure, especially one designed
primarily for recreational use.






Chapter 5

Foundations and
Construction Materials

A. SCOPE OF INVESTIGATIONS

5.1, General.—Information on foundation and
reservoir conditions and on the natural materials
available for construction is essential for the design
of all dams. Investigations to gather such infor-
mation are conducted in the field and in the labo-
ratory, and analyses and reference work are
performed in the office. For efficiency, these inves-
tigations must be properly planned. Subsurface ex-
plorations should not be started until all available
geologic and soils data have been evaluated. The
investigator needs a working knowledge of engi-
neering geology, including the classification re-
quirements of soil, rock, and landforms. The
investigator should also be familiar with mapping,
with logging and sampling methods, and with field
and laboratory testing. Such a background and a
knowledge of the capabilities and limitations of the
various methods of subsurface exploration will lead
to the selection of the most appropriate field meth-
ods and will save the time and effort that would
otherwise be lost through ineffective procedures
and duplication of effort.

The scope of investigations for foundations, for
various types of construction materials, and for res-
ervoir studies are given in this part of the chapter.
Parts B through K provide information on the
techniques and procedures for making these
investigations.

5.2. Foundations.—Thorough foundation in-
vestigations and the interpretation of the data ob-
tained are required to ascertain whether a safe and
economical structure can be built at a selected site.
The type of structure should be determined based
on the factors outlined in chapter 4. The construc-
tion of a dam whose failure would result in a de-
structive flood, possibly involving the loss of life,
involves a serious public responsibility; many dam-

aging floods have been caused by failures of small
dams. Investigations have shown that many of these
failures were the result of poor foundations or a lack
of knowledge of the site conditions. A considerable
number of failures attributed to other causes prob-
ably originated in defective foundations. It is un-
doubtedly true that many failures could have been
averted by more thorough investigations leading to
the selection of safer sites or to the adoption of the
design and construction provisions necessary to
overcome foundation defects.

Investigations for a pctential dam primarily con-
sist of three stages, or levels, of study. These stages,
ranked in progressive order of complexity, consist
of appraisal, feasibility, and design investigations.
Each level of study uses the results obtained from
previous investigations as a starting point for fur-
ther investigations.

The first and one of the most important steps
in the appraisal investigation of a proposed reser-
voir is a site reconnaissance to select the most fa-
vorable of the potential damsites based on existing
data, topography, and geology of the area. Such a
reconnaissance should be performed by both an en-
gineer and an engineering geologist and should be
entrusted only to those with thorough knowledge
and experience in these fields. The actual recon-
naissance field work should be preceded by a study
of all available data relating to the water course and
to the area under consideration, including exami-
nation of maps, aerial photographs, other remote
sensing data, and reports. Reports and maps avail-
able from the USGS (U.S. Geological Survey), SCS
(U.S. Soil Conservation Service), and various State
agencies are excellent sources of data. Part C of this
chapter discusses the various sources of informa-
tion. A thorough site reconnaissance leading to the
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selection of the best damsite or to the elimination
of as many potential damsites as possible can save
considerable dollars in exploratory work.

Foundation conditions often can be determined
from a visual inspection of erosional features, of
outcrops, and of excavations such as highway or
railroad cuts, building excavations, abandoned pits,
and quarries in the general area of the damsite.
Information on ground-water conditions often can
be obtained from local wells. The results of ap-
praisal field studies should be prepared, preferably
on topographic base maps (although aerial photo-
graphs may be used), and on preliminary geologic
sections. At the appraisal stage of investigation,
these drawings should show the contacts between
surficial deposits and bedrock units, the rock out-
crops, the locations of faults, shear zones, and other
geologic structures, and the strike and dip of geo-
logic features such as joints, bedding, contacts, and
shear zones.

The geologic maps and sections should be ac-
companied by a report describing the various geo-
logic conditions, including bedrock and soil
classifications and the types of cementing materials
that may occur in the rock and soil. The appraisal
stage report should discuss the relationship of the
geologic conditions to the present and future perme-
ability of the reservoir and dam foundation, and to
the future stability and performance of the dam,
spillway, and other structures. Readily apparent
geologic problems requiring further investigations
also should be discussed, and a tentative program
outlining the extent and character of more detailed
explorations for the feasibility stage of investiga-
tion should be recommended. The reservoir and
damsite area should be examined for potential land-
slides that could be activated by construction.

In the feasibility stage of the investigation, sub-
surface exploration of the foundation is needed to
determine (1) the depth to bedrock at the damsite
and (2) the character of both the bedrock and the
soils under the dam and under appurtenant struc-
tures. A number of drill holes are usually required
at a damsite to determine the bedrock profile along
the proposed axis. Because any axis selected in the
field is necessarily tentative and subject to adjust-
ment for design reasons, additional drill holes up-
stream and downstream from the axis are desirable.
The number of drill holes required for foundation
exploration of small dams should be determined by
the complexity of geologic conditions, but the depth

of the drill holes should be greater than the height
of the dam.

In the feasibility stage of the investigation, it is
also necessary to determine the subsurface condi-
tions at possible locations for the appurtenant
structures, such spillways, outlets, cutoff trenches,
and tunnel portals. Exploration holes for appur-
tenant structures, including the diversion dam, usu-
ally should have a maximum spacing of 100 feet,
should extend below the foundation at least 1%
times the base width of the structure, and should
be arranged in a pattern dictated by the complexity
of the foundation.

Exploration methods that offer an opportunity
for sampling and testing the foundation without
excessive disturbance are recommended for explor-
ing foundations. Consequently, wash borings (for
example) are not discussed in this text. Test pits,
dozer and backhoe trenches, adits or shafts, and
large-diameter auger borings that permit visual ex-
amination of the foundation are excellent methods
of determining the character of the foundation ma-
terials and are recommended wherever practical.
The recommended boring methods for exploring
soil foundations for small dams are rotary drilling,
using standard core barrels or Denison and Pitcher
samplers, and drive sampling (including the stan-
dard penetration test). Inplace unit weight testing
and determining the moisture content of soils above
the water table also are required. Borings in bedrock
require rotary drilling with core barrels to obtain
samples. Approximate values for the permeability
of rock strata and of surficial deposits can be de-
termined by water tests in bore holes. In each sub-
surface exploratory hole, it is important to measure
and record the depths to the water tables and the
dates of these measurements.

The report prepared after completion of the fea-
sibility stage foundation investigation should in-
clude a map showing the surface geology, the
locations of all explorations, and the locations of
geological sections. The map units should be basi-
cally geologic, and modified or subdivided to show
the distribution of materials with significantly dif-
ferent engineering or physical properties. Cross sec-
tions should be prepared showing the known and
interpreted subsurface geologic features. Logs of all
holes should be included. Figure 5-1 includes an
example of a geologic map of a damsite and a cross
section along the centerline of the proposed dam.

Design investigations will require additional sur-
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face and subsurface explorations in the foundation.
These investigations will resolve critical geologic
considerations or issues so that detailed design
analyses and construction drawings can be pre-
pared. Additional samples and laboratory tests also
may be necessary to establish foundation design
parameters.

During construction, geologic drawings should be
revised or new drawings completed to show the con-
ditions actually revealed in construction excava-
tions. Such a map may prove to be an invaluable
“as-built” record of operation and maintenance if
geologic problems, such as anomalies in foundation
behavior or excessive seepage, are encountered
later.

5.3. Embankment Soils.—Some damsites re-
quire considerable excavation to reach a competent
foundation. In many cases, the excavated material
is satisfactory for use in portions of the embank-
ment. Excavations for a spillway or outlet works
also may produce usable materials for filters, for an
impervious core, or for other zones in the embank-
ment. However, designated borrow areas will be re-
quired in most cases for embankment materials.

Investigation for embankment materials is a pro-
gressive procedure, ranging from a cursory inspec-
tion during the appraisal stage to extensive studies
of possible sources of material during final design.
A reconnaissance for borrow materials should be
made at each prospective damsite. Careful exami-
nation of existing maps, soil surveys, aerial pho-
tographs, and geologic reconnaissance reports
usually indicates the areas to be examined in the
field. Highway and railroad cuts, arroyos, and banks
along stream channels should be examined because
they can provide valuable clues to the nature of the
materials underlying a borrow area.

It is rarely necessary to excavate test pits or auger
holes during the appraisal investigation stage.
Quantities can be determined by consideration of
topographic features and by a few rough measure-
ments, either on the ground or on maps. The ap-
praisal report should include a map showing the
locations of potential borrow areas with respect to
the damsite and the character and probable quan-
tity of the materials in each area. Local factors that
could affect the use of a borrow source should be
discussed in the report. In addition to the engi-
neering properties of the soils, many other facets
should be considered, including proximity, acces-
sibility, natural moisture content, and workability
of the materials; costs of rights-of-way and stripping;

thicknesses of deposits; and environmental consider-
ations. It is good practice to limit the locations of
borrow areas so that excavation does not take place
within 500 feet of the toe of a small dam.

A systematic plan for selecting borrow areas
should be followed during the feasibility investi-
gation stage after final selection of the damsite. To
avoid overlooking nearby areas, the investigations
should start at the damsite and extend outward in
all directions. Potential borrow areas near the dam
should be investigated before more distant sources.
Where possible, borrow from the proposed reservoir
should be considered to mitigate environmental
concerns. Holes should be excavated at approxi-
mately 500-foot centers on a rough grid system in
all practicable locations. Augers should be used
wherever possible, but test pits also should be ex-
cavated, especially where oversize materials or ce-
mented materials are encountered. Auger holes
should extend about 25 feet below the ground sur-
face, except where bedrock or the water table is
encountered first. Holes should be sampled and
logged in accordance with the procedures given in
parts I and J of this chapter. Exploration within
the reservoir at probable locations of cutoff
trenches, foundation stripping, and exploration for
spillways and outlet works should be given high
priority in the investigation plan. More detailed
work in these areas is justified because of their pos-
sible early use as sources of embankment materials
and for obtaining additional foundation informa-
tion. When it becomes evident that a sufficient
quantity of suitable materials cannot be found
within a short haul distance of the damsite, more
distant areas or the use of processed materials
should be investigated.

The ultimate purpose of a detailed borrow in-
vestigation is to determine available borrow quan-
tities and the distribution of these materials in the
embankment. This can be accomplished only if
enough explorations are completed to determine the
soil profiles in the borrow area. The plotting of pro-
files on 500-foot centers, or closer, will indicate
whether additional explorations are needed. It is
evident that the more homogeneous the soil in a
borrow area, the fewer the explorations required
to establish the profile. Figure 5-2 shows an ex-
ample of an exploration program for dam embank-
ment materials. Soil classifications should be
verified by laboratory tests on representative sam-
ples of the various materials encountered. Inplace
unit weight tests should be made in each borrow



72

DESIGN OF SMALL DAMS

DHIOQ
;.

z “'-ANDESITE“\\

EXF’LANATION

N

Drill Holes (3 " DP-NX size holes).
TP (5 XZO)V Test Pit (size Yof pit excavoted wﬁh back hoe)
——Ground wmer level and date meosured

W—Dute explorohon completed

3560 pRQy - ———3560
DH 3 PR
El1.3545.2 DH ?OJZ
. El.3538.7
3540_@'/50& BOULDERS,; - 3540
CLAY,SAND and Broken ROCK
VJ GRAVEL (6C) ]lg\ and SOIL
ol NSoft ANDESITE
so0l— | iANDESITE soft, 3520
3f €COMpOSE! |*|—4\NDESI DH 2 DH | 3
4] fairly hard, EJ.35102 ’ El 35013
GW.L slightly ﬂ SOIL an Clear Creek 7
5456l ANDESITE, 7-20-56{3 l wemheredcI [ "\ broken ROCK %
3 3800 IjL very weathered ‘7‘?‘&?0"‘1 altere E»Ar:giilytﬁ,m - TP 239(5%20 /| -BOULDERS,SAND and SILT (SC) |50
=4 ] .
: 9-3756 and aitered = partly s DH3 p
> swo |&| weathered, E13484.2 g
w 72atsalw]  numerous ,Gw [olowL
d 3480 4 }— verticai joints ——4¢ 3 71782 — - —-e~13480
M th
AN 2 B00LDERS  FAl-ANDESITE, porphyritic, hard,
b+ ﬁors zonme'd H of hard fresh [4|  jointed,weathered at top,
L] ' ] ANDESITE (GM)| ] CLAY ot 34"+ 34.7
3460 —— 5 M 3460
% | “SAND,GRAVEL,and CLAYGCH*
7-25'56 [+ —ANDESITE, porphyritic, »
4] firm, slightly weathered »
+I—ANDESITE, porphyritic ] . |
3440 |+ hard, fresh M 3340
i 7-17-52
»
&
L
8-4-52
3420 — 3420

SECTION A-A

Figure 5-1.—Geologic map and cross section of a damsite. 288-D-2470.
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area to determine the shrinkage factor to be applied
between the borrow area and compacted embank-
ment. The procedures for this test are given in sec-
tion 5.47.

Because of changed plans, estimating errors and
other contingencies, large safety factors should be
used in estimating available quantities from borrow

areas. The following criteria will ensure adequate
quantities for an appraisal report: when estimates

of less than 10,000 ydof a

material are needed, 10

times the estimated amount should be located; for
requirements larger than 100,000 yd3, 5 times the
estimated quantity should be located. Even for well-

explored borrow areas, at

least 1.5 times the re-
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quired quantity customarily is specified to ensure
adequate quantities regardless of the contractor’s
choice of equipment or methods of excavation.
Larger safety factors are often used when the ex-
isting information indicates that deposits are ex-
pected to be erratic. Filter materials and other
special embankment zones may require extensive
processing or may be purchased from commercial
sources.

5.4, Riprap and Rockfill. —Riprap is a layer of
large, durable rock fragments placed on a slope to
prevent erosion from wave action or from stream
currents. Rockfill is that portion of an embankment
constructed of rock fragments in earth and rockfill
dams.

The search for suitable sources of riprap and
rockfill is conducted in the same general sequence
as the search for earth embankment materials. Be-
cause riprap is almost always essential for an em-
bankment dam, it is impractical to limit the area
to be searched. Explorations should extend radially
outward from the damsite until a suitable rock
quarry is located that will meet the anticipated cost
and quantity requirements. The best possible use
should be made of existing data, such as geologic
maps, aerial photographs, topographic maps, pub-
lications of State, Federal, or private agencies, and
known commercial sources. From a study of these
data, existing quarries, outcrops, and other prom-
ising areas can be located on a map or photograph
for later field investigation. At some point in the
investigation, it may be more economical to con-
sider alternative methods of slope protection, such
as soil cement, asphaltic concrete, or rubble.

The primary criteria for riprap are quality and
size. During the investigations, inspection and test-
ing should be performed to evaluate the ability of
the rock to resist wave action, freezing and thawing,
and other detrimental forces, and to determine
whether the quarry will yield sufficient material of
the required sizes. The most obvious place to begin
exploration of the rock source is where durable rock
crops out. Vertical faces cut back to unweathered
material should be thoroughly examined for frac-
ture patterns, bedding and cleavage planes, and for
zones of unsuitable material. The joint, cleavage,
and bedding plane joint systems are especially im-
portant because they indicate the maximum sizes
that can be produced.

The explorations required for determining the
characteristics of potential riprap sources are usu-

ally accomplished with boreholes, trenches, or both.
Core drilling is normally the most practicable and
reliable method of determining the areal extent,
volume, depth of overburden, waste material,
weathering, and fracture pattern of the rock source.
In the example shown on figure 5-2, only one bore-
hole (DH 10) was used in the rock source to estab-
lish the depth of the extensively exposed basalt.
Usually more than one borehole is required.

Where the bedrock is not suitable for riprap,
other sources must be investigated. In several cases
surface boulders have been gathered and used for
riprap on earthfill dams because suitable quarry
rock of quality could not be found within 100 miles
of the damsite. The use of this type of riprap is
normally feasible only when the boulders occur in
fairly well-concentrated accumulations, and there
are sufficient numbers to provide significant riprap
quantities. Nevertheless, using several widely sep-
arated sources to obtain the quantity required for
one dam is not uncommon,.

Occasionally, talus slopes are found that contain
durable rock of the required sizes and that are of
sufficient extent to make quarrying from other
sources unnecessary. Such slopes are especially de-
sirable when they are easily accessible. Explora-
tions for talus materials usually consist of making
a thorough survey to determine the characteristics
of the rock, the quantity available, and testing to
determine the range of sizes and durability. Good
photographs, which should be part of the explora-
tory data for all riprap and rock sources, are es-
pecially valuable when talus slopes are being
considered. Figure 5-3 shows a talus deposit of ig-
neous rock suitable for riprap.

The availability of riprap or rockfill materials has
a significant effect on the design of a structure;
consequently, very careful studies of their quan-
tities must be made. It is occasionally possible to
use readily accessible and less durable material
rather than to procure a superior rock at consid-
erably greater cost. On the other hand, using lesser
quantities of superior materials sometimes offsets
their higher unit cost. Information on the sampling
of riprap sources is given in section 5.34(e).

5.5. Concrete Aggregate.—Field investiga-
tions for concrete materials before construction are
confined chiefly to existing aggregate sources and
to locating, exploring, and sampling potential
sources. Those locating potential sources or testing
existing sources should be familiar with the effects
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Figure 5-3.—Typical talus deposit suitable for riprap. At base of basalt cliffs in Grant County, Washington. 3PPG-1.

of gradation, physical characteristics, and aggregate
composition on the properties of concrete. Good
judgment and thoroughness in conducting prelim-
inary field investigations are usually reflected in the
durability and economy of the finished structures.

Most factors pertaining to the suitability of ag-
gregate deposits are related to the geologic history
of the area. These factors include size, and location
of the deposit; thickness and character of the
overburden; types and condition of the rock; gra-
dation, roundness, and degree of uniformity of the
aggregate particles; and ground-water level. Aggre-
gate may be obtained from deposits of natural sand
and gravel, from talus, or from quarries. Fine sand
can sometimes be obtained from windblown
deposits.

Stream deposits are the most common and, gen-

erally, the most desirable aggregate source because
(1) they are easy and inexpensive to excavate or
process; (2) streams naturally sort deposits (which
can sometimes improve the gradation); and (3)
abrasion caused by stream transportation and dep-
osition eliminates some of the weaker materials.
Alluvial fans may be used as sources of aggregate,
but they often require more than normal processing.
Glacial deposits provide sand and gravel, but they
are generally restricted to the northern latitudes or
high elevations. Those glacial deposits not influ-
enced by fluvial agents are usually too heteroge-
neous to be suitable as aggregate and, at best, are
usable only after elaborate processing.

When natural sand and gravel are not available,
it is necessary to produce concrete aggregate by
quarrying and processing rock. Quarrying in the
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Western States normally is done only when other
materials of adequate quality and size cannot be
obtained economically. Quarry deposits may con-
tain stratified materials that make it difficult to
obtain representative samples of the undeveloped
source. Furthermore, the presence of layers or zones
of undesirable materials, such as clay or shale,
sometimes necessitates selective quarrying and spe-
cial processing.

The extent and justifiable expense of explora-
tions for concrete aggregate are determined largely
by the size and the purpose of the structure. When
searching for suitable aggregate, it is important to
remember that ideal materials are seldom found.
Deficiencies or excesses of one or more sizes are
common, and objectionable rock types, coated and
cemented particles, or flat or slabby-shape particles
may occur in excessive amounts.

The promising deposits should be explored and
sampled by cased test holes, open test pits, or
trenches, and the suitability of the aggregate should
be determined by testing. The methods of geo-
physical exploration, subsurface exploration, sam-
pling, logging, and testing are presented in parts G,
H, I, J, and K, respectively, of this chapter. The
quality and gradation requirements for aggregates
are discussed in appendix F.

5.6. Reservoir Studies.—The geologic ade-
quacy of a proposed reservoir is as important as the
adequacy of a damsite foundation. Reservoir-wide
investigations must be planned with comparable
care; a concurrent study of both the reservoir and
the damsite is best. If a major defect is uncovered
in either, investigations should be reoriented or
stopped before a disproportionately large explora-
tion investment accrues on a site that may be
abandoned.

(a) General.—Evaluating and exploring the pro-
posed reservoir requires that attention be given to
all factors that affect reservoir adequacy or use. The
principal factors are rim stability, water-holding ca-
pability, bank storage, potential sources of pollu-
tion, and effects of borrow removal on stability and
seepage. In addition, related foundation problems,
including the relocation of highway, railroad, or
other facilities must be considered. The degree of
attention given to each problem should be appro-
priate to its importance and to the stage of planning
or design. The detailed character of investigations
should be determined by the purpose of each spe-
cific reservoir. Typically, the investigations should

include distribution of bedrock and surficial depos-
its, outcrops, discontinuities and structural fea-
tures, ground-water occurrence and behavior,
mineral resources, observed and potential geologic
hazards, landslides and rim stability, reservoir in-
tegrity and potential seepage, and sources of con-
tamination of reservoir water.

(b) Reservoir Maps.—An effective reservoir geo-
logic map is essential for planning and conducting
the investigations. Inadequate geologic maps that
present incomplete or poorly chosen data waste
money and technical effort and can lead to erro-
neous conclusions. Inadequate geologic maps can
even force binding decisions to be made on the basis
of scanty or incomplete data. On geologic maps pre-
pared for engineering and related geologic studies,
the range of data to be shown and the scale to be
used should be determined by (1) the purpose of
the investigation, (2) the detail that can be shown,
and (3) the extent to which quantitative data must
be presented or derived from the map (e.g., dis-
tances, volumes of potential slide masses, differ-
ences in elevation, thicknesses of surficial deposits
and bedrock units, and details of outcrop bounda-
ries or geologic contacts). The choice of a suitable
scale is important because it influences the detail
and the legibility of the map.

In regional or project maps, the principal objec-
tive is to graphically present the general distribu-
tion of major site conditions. In contrast, site maps
are detailed representations of geologic features. In
the two types of maps, scales may range from
1:62,500 (regional) to 1:250 {site map). The usual
scales of reservoir maps range from 1:24,000 (1 inch
equals 2,000 feet) to 1:5,000 (1 inch equals approx-
imately 400 feet).

The reservoir geologic map should not be re-
stricted to the immediate area of the proposed res-
ervoir. It must be supplemented by a regional-type
map that relates the reservoir position, elevation,
and distance to adjacent valleys. As a minimum,
this map should show ridge and valley outlines with
elevations.

The reservoir geologic map should be supple-
mented by several specialized maps or overlays and/
or by smaller-scale inserts or separate maps show-
ing detailed geologic conditions in critical areas of
potential seepage or landslides. Similarly, small-
scale inserts may be used to show gross relations of
topographic saddles and adjacent drainages. Sup-
plemental maps, charts, or graphs portraying re-
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gional ground-water contours or data (estimated if
necessary) are desirable, particularly if potential
leakage or anomalous ground-water conditions ex-
ist. Geologic sections and overlays showing gener-
alized geologic structure, landslides, faults, buried
channels, etc., should also be prepared.

The basic reservoir mapping should extend above
the maximum reservoir level to characterize the
geologic environment and facilitate evaluation of
reservoir-rim stability and water-holding capability.
There may be extensive areas below minimum res-
ervoir level in which appraisal level mapping will
be entirely adequate. For some areas of the reser-
voir, more detailed mapping may be necessary to
define landslide or leakage problems.

Only occasionally or in certain types of terrain
does the entire reservoir require detailed mapping
and study. Commonly, the study and detailed map-
ping are done only so far as needed to establish
geologic adequacy and to identify principal defects.

(¢) Investigation Methods.—Field examination
and aerial photograph interpretation are the basic
methods by which geologic data are secured and
collated on drawings for study and interpretation.
The reservoir geologic map is the initial and prin-
cipal medium through which geologic studies are
planned or conducted and by which the nature and
scope of reservoir defects are recognized and eval-
uated. Whatever the stage of the investigations, the
map is a combination of fact and interpretation
which, from an engineering-geology viewpoint, de-
fines the geologic environment and aids in recog-
nizing geologic defects or issues. Direct subsurface
investigations, such as drilling, may or may not be
a part of the overall study.

A variety of techniques or investigation ap-
proaches can be used in conducting reservoir stud-
ies. It is assumed that reservoir studies will be
planned and conducted by engineering geologists
and ground-water geologists trained in basic geo-
logic principles and in standard methods of geologic
investigation. The outline that follows is a checklist
of the principal techniques that can assist in se-
lecting the specific investigation methods most ef-
fective for the reservoir site study.

(1) Geomorphologic Interpretation.—Stream
patterns, topographic and geologic maps, and aerial
photographs can provide information such as:

a. Geologic structure, regional and local joint

patterns, location of geologic contacts, sink-
holes, and subterranean drainage

b. Aggrading stream history producing deep val-
ley fill; degrading stream history producing
landforms such as gravel-veneered (aggregate
deposits) or rock-defended (low aggregate
volume) terraces

c. Potential sources for embankment materials

d. Ground-water conditions and reservoir leak-
age potential

e. Existing and potential landslides

(2) Hydrogeologic Studies.—These studies yield
information or require analysis such as:

a. Ground-water conditions, such as location, di-
rection and velocities of flow, elevations, and
contours of static and piezometer water levels.
These can be determined using methods such
as drill hole water-level measuring devices,
down-hole flowmeters, dye and radioisotope
tagging, and water sampling and analysis.

b. Ground-water ages (relative) as determined
by tritium, carbon dioxide, or dissolved oxy-
gen content.

c. Differentiation of ground-water bodies and
evaluation of water quality by chemical anal-
yses (analyze graphically by Stiff diagrams),
conductivity, pH, and temperature studies.

d. Flow estimates or measurements of springs
and small watercourses. Data such as spring
flow and volume and ground-water levels in
drill holes may be essential to define changes
in the original ground-water conditions
caused by reservoir leakage. Data collection
must be started and completed before reser-
voir filling to establish the character of nor-
mal prereservoir conditions. Measurements of
hydrostatic head may be necessary to judge
whether spring flow may be reversed when
subject to reservoir head.

e. Estimates of bank storage volume, inflow, and
outflow rates.

(3) Subsurface Investigations.—Subsurface in-
vestigations may include geophysical tests; bailing
tests as needed to determine water-table elevations
and movement; packer or pump-out tests to esti-
mate permeability, or exploratory drilling to obtain
landslide thickness, depth and nature of surficial
material in saddles, location of buried bedrock
channels, or glaciofluvial permeable outwash chan-
nels in till deposits.

(4) Remote Sensing.—Natural-color or false-
color infrared aerial photographs or sidescanning
radar imagery can assist in mapping contacts, land-
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forms, or geologic structures. Infrared imagery de-
tects surface geothermal anomalies that may

indicate near-surface ground water, faults, linea-
ments, or contacts.

B. COLLECTION AND PRESENTATION OF DATA

5.7. General.—The ability of a foundation to
support the loads imposed by the various structures
is primarily dependent on the deformation, stabil-
ity, and ground-water conditions of the foundation
materials. Judgment and intuition (empirical meth-
ods) alone are not adequate for the safe design of
dams. It has become ever more imperative to prop-
erly develop foundation design data because recent
advancements in soil and rock mechanics and new
analytical procedures enable engineers and geolo-
gists to assess more conditions analytically than
previously possible. To accommodate these tech-
niques, foundation data must not only be accurate
and concise, but must be quantified as much as pos-
sible. In addition, this quantifiable data must be
sufficient to adequately ensure that the analytical
models are representative of field conditions.

5.8. Presentation of Data.—This section pro-
vides general guidelines for the collection and pres-
entation of geologic information required for the
design and construction of small dams. In applying
these guidelines, investigators should use good
judgement and elaborate upon them as required by
the particular geologic setting and engineering re-
quirements. These guidelines are not intended to
include all requirements or topics for every foun-
dation or construction materials investigation.
However, they do provide adequate guidance to for-
mulate a data acquisition program for planning
studies and for final design investigations.

The data required and methods of obtaining
these data depend on the purpose of the investi-
gations, the time and funds available for explora-
tions, the amount and reliability of previous
investigations, and the type of report required. The
general guidelines for the data necessary for foun-
dations and for construction materials are described
in subsections (a) through (3) below.

(a) Compile, summarize, and document all in-
vestigations in the project area and describe the
sequence and results of studies and explorations.
Some of the sources of information for the initial
investigations are described in part C. Types of ex-
ploration, sampling, logging, and testing are dis-
cussed in parts F through K.

(b) Prepare drawings showing the locations of

explorations. Develop a stratigraphic column, sur-
face geology maps, and geologic cross sections at
appropriate scales to portray surface and subsurface
conditions. Prepare special-purpose drawings (such
as joint-contour diagrams and contour maps for top
of rock, weathering, water levels, etc.) for sites with
complex geology or design concepts.

(c) Prepare narrative descriptions of surficial de-
posits, specifying engineering properties, especially
those that can affect design or construction. These
descriptions may include, but are not restricted to,
the presence of swelling minerals, low-density ma-
terials, gypsum and other sulfates, caliche, disper-
sive soils, loose deposits subject to liquefaction or
consolidation, permeable materials, erodibility, and
oversize materials. Instructions for logging and de-
scribing soils in geologic explorations are provided
in parts D and J of this chapter. The descriptions
should include the general classification of mate-
rials according to the Unified Soil Classification
System and their physical characteristics (e.g.,
color, grain size, consistency or compactness, cohe-
sion, cementation, moisture content, mineral de-
posits, and content of expansive or dispersive
minerals, alteration, fissures, or fractures). The in-
vestigator should use descriptors established for the
Unified Soil Classification System. The narrative
should also describe the distribution, occurrence,
and relative age; relationship with present topog-
raphy; and correlation with features such as ter-
races, dunes, undrained depressions, and anomalies.

(d) Descriptions of bedrock should identify the
engineering-geology properties such as strength,
swelling minerals, presence of gypsum and other
sulfates, depths of weathering, joints, faults and
other planes of weakness. The following checklist
can be useful as a general, though not necessarily
complete, guide for bedrock descriptions.

(1) Bedrock Units.—Traceable lithologic units of
similar physical properties should be identified and
characterized.

» Identification as to rock type (e.g., granite, silty
sandstone, mica schist), relative age and, where
possible, correlation with named formations

» Physical characteristics (e.g., color; texture;
grain size; nature of stratification, bedding, fol-
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iation, or schistosity; hardness; chemical fea-
tures such as cementation; mineral deposits;
and alterations other than weathering-related)

» Distribution and dimensional characteristics
(e.g., thickness, outcrop width, areal extent)

(2) Distribution and Extent of Weathering and
Alteration.—Weathering should be divided into cat-
egories that reflect definable physical changes in
the rock mass. Weathering profiles should be
developed.

(3) Structural Features.—Bedding plane part-
ings, cleavage, joints, contact shear and fault zones,
folds, zones of contortion or crushing.

* Occurrence and distribution

« Orientation and changes in attitude

» Dimensional characteristics (e.g., width, spac-
ing, continuity)

» Physical characteristics and their effect upon
the rock mass (the conditions of planar sur-
faces, such as openness, roughness, waviness of
surfaces, striations, mineralization, alteration,
and infilling or healing)

« Statistical evaluations of distribution, orien-
tation, and physical characteristics

» Relative ages (where pertinent)

» Specific features of shears or faults (e.g., de-
scription of composition of the fault, zones of
gouge and breccia, displacment, attitude of
slickensides, relative age of movements)

(4) Response to Natural Surface and Near-
Surface Processes.—For example, raveling, gullying,
and mass movement.

(e) Include laboratory determinations of engi-
neering properties of surficial deposits and bedrock.
See part K of this chapter.

(f) Provide black-and-white photographs of geo-
logic conditions, drill hole cores, samples, outcrops,
trenches, and test pits. Color photographs or trans-
parencies also should be furnished if appropriate.

(g) Summarize data from remote-sensing and
geophysical surveys (seismic, resistivity, etc.), if
performed, and correlate with other geologic
information.

(h) Describe investigation of ground-water con-
ditions. Note water levels or piezometric surfaces
and their seasonal fluctuation, the occurrence of
unconfined and confined aquifers, seepage poten-
tial, water-producing capabilities, chemistry, and
related ground subsidence. The following checklist
can be used as a general, though not necessarily
complete, guide for descriptions:

* Distribution, occurrence, and relationship to
topography (e.g., streams, ponds, swamps,
springs, seeps, subsurface basins)

» Recharge sources and permanence, variations
in amounts of water and dates the measure-
ments were recorded
Evidence for earlier occurrence of water at lo-
calities now dry (e.g., vegetation, mineral
leaching or deposition, relict karst, historic
records)

» The effect of water on the properties of the
inplace materials, including field and labora-
tory observations

(i) Prepare accurate and complete logs of explo-
rations, using terminology consistent with the nar-
rative. Give consideration to appropriate indexes;
e.g., RQD (rock quality determination) and PR
(penetration resistance).

(j) Evaluate landslides, avalanches, rockfalls,
erosion, floods, etc. The following checklist may be
useful as a general, though not necessarily com-
plete, guide of descriptions:

» Features representing accelerated erosion (e.g.,
cliff reentrants, badlands, advancing gully
heads)

* Features indicating subsidence, settlement, or
creep (e.g., fissures, bulges, scarplets, displaced
or tilted reference features, historic records,
measurements)

e Slump and slide masses in bedrock and surfi-
cial deposits, théir distribution, geometric
characteristics, correlation with topographic
and geologic features, age, and rates of
movements

C. SOURCES OF INFORMATION

5.9. Topographic Maps.—Topographic maps
are indispensable in the design and construction of
a dam. They are necessary for the exploration of
dam foundations and when exploring for construc-
tion materials. The locations of subsurface explo-

rations and geologic contacts can be placed on a
topographic map before detailed geologic maps are
prepared. Information on the origin and character-
istics of some of the simpler landforms is given in
part F of this chapter because they may indicate
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foundation properties and the materials present.
Before making the map, a thorough search should
be made for maps of the reservoir, the damsite, and
potential sources of construction materials. The
USGS should be contacted for information on the
availability of maps. The USGS produces standard
topographic maps, which cover the United States,
Puerto Rico, Virgin Islands, Guam, American Sa-
moa, and the Trust Territory of the Pacific Islands.

The unit of survey for USGS maps is usually a
quadrangle bounded by parallels of latitude and
meridians of longitude. Quadrangles covering 7.5
minutes of latitude and longitude are generally pub-
lished at the scale of 1:24,000 (1 inch equals 2,000
feet). Quadrangles covering 15 minutes of latitude
and longitude are published at the scale of 1:62,500
(1 inch equals approximately 1 mile). A series of
topographic maps at the scale of 1:250,000 (1 inch
equals approximately 4 miles) has also been pub-
lished, in units of 1° of latitude and 2° of longitude;
it covers the entire country. Many special maps are
published at other scales.

In addition to published topographic maps, in-
formation that can be of great assistance to engi-
neers and geologists is available for mapped areas
from the USGS. This information includes the lo-
cations and true geodetic positions of triangulation
stations and the elevations of permanent bench-
marks. In addition, map manuscripts at the 1:24,000
scale may be available 1% to 2 years before publi-
cation of the final map. Large index maps that il-
lustrate the types of maps by State or large
geographic area are also available from the USGS.

River survey maps are often helpful to the in-
vestigator. These are strip maps that show the
course and fall of the stream and nearby topo-
graphic and cultural features. River survey maps
are prepared largely in connection with the clas-
sification of public lands for water resource devel-
opment. Most of them are of rivers in the Western
States. If a valley is less than 1 mile wide, topog-
raphy is shown to 100 feet or more above the water
surface; if the valley is flat and wide, topography is
shown for a strip of 1 to 2 miles.

Potential reservoir sites are usually mapped on a
scale of 1:24,000. The normal contour interval is 20
feet, except in the vicinity of the normal water surface
where it is 5 feet. Many of these maps include dam-
sites on a large scale and have a profile of the stream.
The standard map size is 22 by 28 inches.

The availability of river survey maps and other
special maps, including those of national parks and

monuments, and a list of agents for topographic
maps are indicated on the topographic map index.
These indexes are also available from the USGS.
Requests for indexes and inquiries concerning pub-
lished maps and the availability of map manuscripts
and related information should be directed to U.S.
Geological Survey, Denver Federal Center, Denver,
CO 80225 or to U.S. Geological Survey, Reston, VA,
22092.

5.10. Geologic Maps.—For appraisal studies,
considerable useful engineering information may be
obtained from published geologic maps. These maps
identify the rock units and geologic structures un-
derlying the reservoir and damsite and in the sur-
rounding area. Geologic map requirements at the
feasibility and final design stage are discussed in
section 5.2. The characteristics of rocks are of major
importance in the selection of a damsite and in the
design of the dam. Subsurface conditions can be
inferred or interpreted from the information on geo-
logic maps.

On geologic maps, rock units are identified by

their general lithologic character and geologic age.
,The smallest rock unit mapped is generally a for-
mation or unit of relatively uniform lithology that
extends over a fairly large area and can he clearly
differentiated from overlying or underlying units.
The areal extent of these formations is indicated
on geologic maps by letter symbols, color, and sym-
bolic patterns.

Letter symbols indicate the formation and geo-
logic period. For example, “Jm” might stand for the
Morrison Formation of the Jurassic Period. In gen-
eral, standard color and pattern conventions are
followed on USGS maps. Tints of yellow and orange
are used for different Cenozoic units, tints of green
for Mesozoic rocks, tints of blue and purple for
Paleozoic rocks, and tints of russet and red for Pre-
cambrian rocks. Variations of dot and line patterns
are used for sedimentary rocks; wavy lines for met-
amorphic rocks; and checks, crosses, or crystallike
patterns for igneous rocks.

Geologic maps portray the attitude or orientation
of the rock strata or other planar features by stan-
dardized symbols. In addition, geologic maps com-
monly carry one or more geologic structure sections
showing the projected geologic units and structures in
depth along an arbitrary line marked on the map.
Sections prepared solely from surface data are not as
accurate as those prepared from subsurface data ob-
tained from drilling or mining records. Geologic sec-
tions are interpretive and must be used with caution.
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A map showing a plan view of the bedrock in the
area is a surface geology map. Such a map indicates
the boundaries of the exposed structure and units
and their inferred distribution where covered by soil
or plant growth. Except for thick deposits of allu-
vium, most bedrock geologic maps do not delineate
soil units. Some geologic maps differentiate the sur-
face deposits of the area; they indicate the areal
extent, characteristics, and geologic age of the sur-
ficial materials.

Most geologic maps are accompanied by expla-
nations giving the relative ages and brief descrip-
tions of the units distinguished on them. Where
descriptions of units are lacking, an experienced
geologist can determine their characteristics by
making analogies with other areas. For more certain
identification of the lithology and for details, geo-
logic literature on the whole area must be consulted.

By studying the basic geologic map, together
with all the collateral geologic data that pertain to
an area, it is possible to prepare a special map that
interprets the geology in terms of its engineering
characteristics. Suitability of formations for con-
struction materials, foundation and excavation con-
ditions, and surface and ground-water data can also
be interpreted from geologic maps. Such informa-
tion is valuable in preliminary planning, but is not
a substitute for detailed field investigations in the
feasibility and design stages.

The USGS now publishes a series entitled “Geo-
logic Quadrangle Maps of the United States,” which
replaces the Geologic Atlas of the United States, pub-
lished from 1894 to 1945. Most maps in this series
are large scale (1:62,500 or larger) and are printed
in color. Most have structural sections and other
graphic means of presenting geologic data and a
brief explanatory text. Full descriptions of the areas
shown on these maps and detailed interpretations
of geologic history are commonly compiled in other
publications, such as USGS bulletins and profes-
sional papers. The USGS also publishes geologic
maps under a series known as “Miscellaneous Geo-
logic Investigations Maps,” “Mineral Resources
Maps and Charts,” “Geophysical Investigations,”
and “Hydrologic Investigation Atlases.” Maps in
these series have a wide range of scales and formats
to meet specific purposes.

Several geologic maps are of special interest to
designers of dams. A series of such maps resulted
from geologic mapping and general resources in-
vestigations conducted by the USGS as part of the

Department of the Interior plan for study and de-
velopment of the Missouri River Basin. These in-
clude maps showing construction materials and
nonmetallic mineral resources, including sand and
gravel deposits, of several of the States in the Mis-
souri River Basin.

Detailed information about published geologic
maps for individual States is given in the series of
geologic map indexes available from the USGS.
Each published geologic map is outlined on a State
base map, with an explanatory key giving the source
and date of publication, the author, and the scale.

5.11. Agricultural Soil Maps.—A large portion
of the United States has been surveyed by the
USDA (Department of Agriculture). These inves-
tigations are surficial, extending to depths up to 6
feet, and consist of classifying soils according to
color, structure, texture, physical constitution,
chemical composition, biological characteristics,
and morphology. The Department of Agriculture
publishes reports of their surveys in which the dif-
ferent soils are described in detail. The suitability
of these soils for various crops and, in the more
recent reports, the limited engineering properties
and uses of these soils are given. Included in each
report is a map of the area (usually a county), which
shows the various types of soils that occur by the
pedologic classification .

These USDA surveys are available for purchase
from the Superintendent of Documents, Washing-
ton, D.C. County extension offices may have local
examples to examine or purchase. Out-of-print
maps and other unpublished surveys may be avail-
able for examination from the USDA, county ex-
tension agents, colleges, universities, and libraries.
The Bureau of Reclamation has made surveys for
irrigation suitability in most river basins in the 17
Western States. These were made to identify and
classify lands for irrigation. Maps and reports on
these surveys are available in local project or re-
gional offices of the Bureau of Reclamation. These
data are quite useful for engineering purposes be-
cause they provide detailed soil data and consid-
erable information relating to the geology and
drainage conditions. In addition, the soils data usu-
ally include laboratory and field measurements of
chemical and physical properties to at least a 10-
foot depth and often some information on deeper
materials.

To apply soil survey maps to explorations of
foundations and construction materials, some
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knowledge of soil classification systems is neces-
sary. The USDA uses a classification system enti-
tled “Soil Classification, a Comprehensive System,
Seventh Approximation,” which is referred to as
simply the “seventh approximation.”

The category at the highest level of generaliza-
tion is the “order,” of which there are 10. The next
category is the “suborder.” This limits the ranges
in soil moisture and temperature regimes, the kinds
of horizons, and the composition, according to
which is most important. Additional categories (in
descending order) include ‘“great groups,” “sub-
groups,” “families,” and “series.” The soil “series”
is a commonly used term. It refers to a group of
soils having horizons similar in differentiating char-
acteristics and arrangements in the soil profile, ex-
cept for texture of the surface portion.

The final subdivision of a soil series is the soil
“phase.” This is a subdivision of soil that concerns
the characteristics affecting its use and manage-
ment, but which does not vary sufficiently to dif-
ferentiate it as a separate soil series. Phases of soil
series are the major components of the soil mapping
units currently being shown on detailed soil maps.

Although it is not a part of the soil classification
system now being used, “soil type,” a subdivision
of soil series based on surface texture, is commonly
used in most of the published soil survey data.

The textural classification system used in de-
scribing soil types or phases in USDA soil survey
reports or in Bureau of Reclamation irrigation sur-
veys is shown on figure 5-4. This is different from
the Unified Soil Classification System commonly
used by the Bureau of Reclamation for engineering
purposes (see part D of this chapter). Figure 5-4
shows the terminology used for different percent-
ages of clay (defined as particles smaller than
0.002 mm), silt (0.002 to 0.05 mm), and sand (0.05
to 2.0 mm). Note the use of the term “loam,” which
is defined in the chart as a mixture of sand, silt,
and clay within certain percentage limits. Other
terms used as adjectives to the names obtained in
the triangle classification are “gravelly” for rounded
and subrounded particles from approximately l/e
inch to 3 inches, “cherty” for gravel sizes of chert,
and “stony” for sizes greater than 10 inches.

The textural classification given as part of the
soil name in soil types or phases refers to the ma-
terial in the “A” horizon only and, therefore, is not
indicative of the entire soil profile. However, the
combination of a series name and textural classi-

fication provides a considerable amount of signifi-
cant data. For each soil series, the texture, degree
of compaction, presence or absence of hardpan or
rock, lithology of the parent material, and chemical
composition can be obtained. Similar and, fre-
quently, more detailed data for specific sites can
often be obtained from irrigation suitability surveys
made by the Bureau of Reclamation. From the en-
gineering point of view, both the USDA reports and
the Bureau of Reclamation surveys have some lim-
itations, but can often be used to advantage in
reconnaissance-type studies.

Considerable useful information is contained in
modern soil profile descriptions and in modern soil
survey reports. This information is not only useful
to farmers, but also to engineers and geologists at-
tempting to interpret such properties as the suit-
ability of the soil for road subgrades, road fills,
building foundations, dikes, levees, and embank-
ments. In addition, modern soil survey reports show
not only the USDA textural classification [1]!, but
also the Unified and AASHTO (American Associ-
ation of State Highway and Transportation Offi-
cials) classifications for all soils included in the
report. Such reports are quite useful for both ag-
ricultural and engineering purposes. Figure 5-4
shows a comparison of particle size scales for the
Unified, ASSHTO, and USDA soil classification
systems.

5.12. Remote Sensing.—Many new methods of
remote sensing now available complement standard
black-and-white photography. These include SLAR
(side-looking airborne radar), LANDSAT (satel-
lite), high-altitude (commonly U-2) and low sun-
angle photography and sensing. Remote-sensing
data may incorporate topographic, geophysical, and
geochemical data, using thermal and fixed-color im-
agery, all of which can be computer enhanced.

An aerial photograph is a pictorial representa-
tion of a portion of the earth’s surface taken from
the air. It may be a vertical photograph, in which
the axis of the camera is vertical, or nearly so, or
an oblique photograph, in which the axis of the
camera is inclined. High oblique photographs in-
clude the horizon; low obliques do not. The vertical
photograph is commonly used as the basis for top-
ographic mapping, agricultural soil mapping, and
geological mapping and interpretations.

Except where dense forest cover or shadows from

INumbers in brackets refer to entries in the bibliography (sec. 5.51).
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Adapted from “Supplement to Soil Classification
System (7th Approximation)." SCS,
USDA, Second Printing, March, 1967.
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landforms obscure large areas from view, an aerial
photograph will reveal natural and constructed fea-
tures in detail. Some relationships are exposed that
could not be found from the ground. Identification
of features shown on the photograph can be facil-
itated by stereoscopic examination. The features
are then interpreted for a particular purpose, such
as geologic mapping, land use, or engineering uses.
Knowledge of geology and soil science will assist in
interpreting aerial photographs for engineering
uses. Aerial photographs are often used for locating
areas to be examined and sampled in the field and
as substitutes for maps in the appraisal stage.
Virtually the entire area of the United States has
been covered by remote sensing. Index maps of the
United States, available from the U.S. Geological
Survey, show which Government agency can pro-
vide prints for particular areas. When ordering pho-
tographs, specify contact prints or enlargements,
glossy or matte finish, and location. Location in the
Western States should be given by range, township,
section, latitude, longitude, State, and county, or
the location should be shown on an enclosed index
map of the area. Stereoscopic coverage should be
requested for most uses. Aerial mosaics of most
areas of the United States are also available. A mos-
aic is an assemblage of aerial photographs matched
and mounted to form a continuous representation
of the earth’s surface. They include halftone pho-
tolithographic reproductions from mosaic negatives
known as “photo maps.” Index maps showing the
status of aerial mosaics for the United States (in-
cluding the coverage and the agencies holding mo-
saic negatives) are available from the USGS.
Remote-sensing interpretation of earth mate-
rials and geologic features requires experience. The
diagnostic features include terrain position, topog-
raphy, drainage and erosional features, color tones,
and vegetative cover. Interpretation is limited
mainly to surface and near-surface conditions.
There are special cases, however, where features on
the photograph permit reliable predictions to be
made of deep, underground conditions. Although
interpretation can be rendered from any sharp pho-
tograph, the scale is a limiting factor because small-
scale photos limit the amount of detailed infor-

mation that can be obtained. Scales of 1:20,000 are
usually satisfactory for engineering and geologic
interpretation of surface materials. Large-scale
photos often have applications to highly detailed
work, such as for reservoir clearing estimates, and
for geologic mapping of damsites, and reservoirs.

Aerial photographs can be used to identify cer-
tain terrain types and land forms. These topo-
graphic features are described in part F of this
chapter. Inspection of stereoscopic photographs of
an area, with particular attention to regional to-
pography, local terrain features, and drainage con-
ditions, suffice to identify the common terrain
types. This permits the possible range in the soil
and rock materials to be anticipated and their char-
acteristics to be defined within broad limits.

Geologic features that may be highly significant
to the location or performance of engineering struc-
tures can sometimes be identified from aerial pho-
tographs. In many instances these features can be
more readily identified on the aerial photograph
than on the ground. However, aerial photography
interpretation is applicable only to those features
that have recognizable surface expressions, such as
drainage patterns, hummocky topography, scarps
or cliffs, and alignment of ridges or valleys. Joint
systems, landslides, faults and zones, folds, and
other structural features can sometimes be identi-
fied quickly in an aerial photograph, but may be
difficult to find on the ground. However, all inter-
pretations derived from remote sensing should be
verified in the field.

Items that can be identified by remote sensing
are important in locating a dam and its appurtenant
works. The general distribution of surfuce deposits
and rock units, bedding or cleavage, and jointing of
attitudes, as well as the presence of dikes and in-
trusions, ground-water barriers and seeps, often can
be interpreted from aerial photographs. Such in-
formation is valuable in determining the existence
of the potential for landslides and seepage losses in
reservoirs.

Figures 5-5 and 5-6 are examples of aerial pho-
tographs with readily identifiable geologic features.
Examples of typical landforms studied on aerial
photographs are discussed in part F of this chapter.
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Figure 5-5.—Rock strata illustrating folding in sedimentary rocks. (A) Satanka formation, (B) Lyons formation, (C) Morrison
formation, and {D} Lower and Middle Dakota formation. {U.S. Forest Service). PX-D-16265.
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Figure 5-6.—Sinkhole plain indicating deep plastic soils over cavernous limestone, developed in humid climate. (U.S. Agricultural

Stabilization and Conservation Service). PX-D-16264.

D. SOIL CLASSIFICATION

5.13. General. —In engineering applications,
soil may be defined as generally nonindurated ac-
cumulations of solid particles produced by the phys-
ical and/or chemical disintegration of bedrock, and
which may or may not contain organic matter. To
engineers engaged in the design or construction of
foundations and earthwork for dams, the physical
properties of soils, such as unit weight, permeabil-
ity, shear strength, and compressibility, and their
interaction with water are of primary importance.

It is advantageous to have a standard method of
identifying soils and classifying them into cate-
gories or groups that have distinct engineering
properties. This enables engineers in the design of-

fice and those engaged in field work to speak the
same language, thus facilitating the exchange of in-
formation. Knowledge of soil-classification, includ-
ing the typical engineering properties of the various
soil groups, is especially valuable to engineers ex-
ploring materials or investigating foundations for
structures. To a limited extent, soil classifications
can be used for appraisal estimates of the engi-
neering characteristics of soils intended for use in
small dams.

In 1952, the Bureau of Reclamation and the
Corps of Engineers, with Professor Arthur Casa-
grande of Harvard University as consultant, agreed
on a modification of Professor Casagrande’s airfield
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classification, which they named the “Unified Soil
Classification System.” This system which is par-
ticularly applicable to the design and construction
of dams, takes into account the engineering prop-
erties of soils, is descriptive and easy to associate
with actual soils, and has the flexibility of being
adaptable to both field and laboratory applications.
Probably its greatest advantage is that a soil can
be classified readily by visual and manual exami-
nation without laboratory testing. The USCS (Un-
ified Soil Classification System) is based on the size
of the particles, the amounts of the various sizes,
and the characteristics of the very fine grains. Lab-
oratory classification is discussed in more detail in
USBR 5000, and the visual classification of soils is
discussed in USBR 5005, both in the Bureau’s
Earth Manual [7].

A soil mass consists of solid particles and pore
fluids. The solid particles generally are mineral
grains of various sizes and shapes, occurring in
every conceivable arrangement. These solid parti-
cles can be divided into various components, each
of which contributes its share to the physical prop-
erties of the whole. Soil classification can best be
understood by first considering the properties of
these soil components. Accordingly, sections 5.14,
5.15, and 5.16 describe the constituents of soil and
introduce the concepts used in the system. Section
5.17 gives the essentials of the classification system
for soils found in nature, as shown in the Unified
Soil Classification Chart (fig. 5-12). Figure 5-4 gives
a comparison of the particle size scales for the Un-
ified, AASHTO, and USDA soil classification sys-
tems. In addition to proper classification, it is
important to include an adequate description of the
soil in reports or logs of explorations. The classi-
fication chart contains information required for de-
scribing soils and includes examples. Additional
information on soil descriptions is given in part J.
Section 5.18 contains a comparison of the engi-
neering properties of typical soils of each classifi-
cation group.

5.14. Soil Components.—(a) Size.—Particles
larger than 3 inches are excluded from the USCS.
The amount of each oversized material, however,
may be important in the selection of sources for
embankment material. Therefore, logs of explora-
tions always contain information on the quantity
and size of particles larger than 3 inches. For def-
initions of terms for materials larger than 3 inches
(cobbles and boulders) see appendix D.

Within the size range of the system there are two
major divisions: coarse grains and fine grains.
Coarse grains are those larger than the No. 200
sieve size (0.075 mm), and they are further divided
as follows:
 Gravel (G), 3 inches to No. 4 (34s inch):
Coarse gravel, 3 inches to % inch
Fine gravel, % inch to No. 4 sieve

» Sand (S), No. 4 to No. 200 sieve:
Coarse sand, No. 4 to No. 10 sieve
Medium sand, No. 10 to No. 40 sieve
Fine sand, No. 40 to No. 200 sieve

For visual classification, % inch is considered
equivalent to the No. 4 sieve size, and the No. 200
size is about the smallest size of particles that can
be distinguished individually by the unaided eye.

Fines smaller than the No. 200 size consist of
two types: silt (M) and clay(C). Older classification
systems defined clay variously as those particles
smaller than 0.005 millimeters or 0.002 millimeters,
and they defined silt as fines larger than clay par-
ticles (see fig. 5-4). It is a mistake, however, to think
that the typical engineering characteristics of silt
and clay correspond to their grain sizes. Natural
deposits of rock flour that exhibit all the properties
of silt and none of clay may consist entirely of grains
smaller than 0.005 millimeters. On the other hand,
typical clays may consist mainly of particles larger
than 0.005 millimeters, but may contain small
quantities of extremely fine, colloidal-sized parti-
cles. In the USCS, the distinction between silt and
clay is not made by particle size, but rather by their
behavior.

Organic material (O) is often a component of soil,
but it has no specific grain size. It is distinguished
by the composition of its particles rather than by
their sizes, which range from colloidal-sized parti-
cles of molecular dimensions to fibrous pieces of
partly decomposed vegetation several inches in
length.

(b) Gradation.—The amounts of the various
sizes of grains in a soil can be determined in the
laboratory by sieve analysis for the coarse grains,
and by hydrometer analysis for the fines, as de-
scribed in section 5-49(a). The laboratory results
are usually presented in the form of a cumulative
grain-size curve. The grain-size distribution reveals
something about the physical properties of soils
consisting mainly of coarse grains. However, the
grain size is much less significant for soils contain-
ing mostly fine grains.
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Typical gradations of soils are:

» Well-graded (W), good representation of all

particle sizes from largest to smallest

» Poorly graded (P), uniform gradation (most

particles are about the same size); or skip {(gap)
gradation (one or more intermediate sizes are
absent)

In the field, soil is estimated to be well-graded
or poorly graded by visual examination. For labo-
ratory purposes the type of gradation can be de-
termined by the use of criteria based on the range
of sizes and on the shape of the grain-size curve.
The measure of size range is called the coefficient
of uniformity, Cu, which is the ratio of the 60-
percent-finer-than size (Dg) to the 10-percent-
finer-than size {D,;). The shape of the grain-size
curve is indicated by the coefficient of curvature,
Cc, which equals (Ds)?/(Dgy) (D), where Dy is the
30-percent-finer-than size. A typical gradation
curve is shown on figure 5-7.

(¢} Angularity.—The angularity of the individ-
ual soil particles can affect the physical properties
of a soil. Angularity of particles are described as
rounded, subrounded, subangular, and angular.
These ranges of angularity are shown on figure
5-8. A range of angularity may be used, for example,
“subrounded to rounded.”

(d) Shape.—Shape is distinct from angularity
and can have a significant effect on the engineering
and the physical properties of a soil. The shape of
the gravel, cobbles, and boulder portion of a soil are
described as flat, elongated, or flat and elongated.
Otherwise, no mention of shape is required. The
fraction of the particles having a particular shape
should be indicated, for example, “one-third of the
gravel particles are flat.”

5.15. Soil Moisture.—A typical soil mass has
three constituents: soil grains, air, and water. In
soils consisting largely of fine grains, the amount
of water present in the voids has a pronounced ef-
fect on the soil properties. Three main states of fine
soil consistency, which are dependent upon the
moisture content, are recognizable:

1. Liquid state, in which the soil is either in sus-

pension or behaves like a viscous fluid

2. Plastic state, in which the soil can be rapidly

deformed or molded without rebounding
elastically, changing volume, cracking or
crumbling

3. Solid state, in which the soil will crack when

deformed or will exhibit elastic rebound.
In describing these soil states it is customary to

consider only the fraction of soil smaller than the
No. 40 sieve size (the upper limit of the fine sand
component). For this soil fraction, the water con-
tent in percentage of dry weight at which the soil
passes from the liquid state to a plastic state is
called the liquid limit (LL). A device (fig. 5-9) that
causes the soil to flow under certain conditions is
used in the laboratory to determine the liquid limit
as described in section 5.49(c). Similarly, the water
content of the soil at the boundary between the
plastic state and the solid state is called the plastic
limit (PL). The laboratory test described in section
5.49(c) consists of repeatedly rolling threads of the
soil to ¥s-inch diameter until they crumble, and then
determining the water content (fig. 5-10).

The difference between the liquid limit and the
plastic limit corresponds to the range of water con-
tents within which the soil is plastic. This differ-
ence of water content is called the plasticity index
(PI). Soils with high plasticity have high PI values.
In a nonplastic soil the plastic limit and the liquid
limit are the same and the PI equals 0.

These limits of consistency, which are called “At-
terberg limits” after a Swedish scientist, are used
in the USCS as the basis for laboratory differen-
tiation between materials of appreciable plasticity
(clays) and slightly plastic or nonplastic materials
(silts), as shown on figure 5-12. With sufficient ex-
perience a soils engineer may acquire the ability to
estimate the Atterberg limits of a soil. However,
three simple hand tests have been found adequate
for field identification and classification of fine soils
and for determining whether fine-grained fraction
of a soil is silty or clayey, without requiring esti-
mation of Atterberg limits. These hand tests, which
are part of the field procedure in the Unified Soil
Classification System (see USBR 5005 [7]), are
tests of:

+ Dilatancy (reaction to shaking)

e Dry strength (crushing characteristics)

+ Toughness (consistency near plastic limit)

They are discussed in the following section.

5.16. Properties of Soil Components.—

(a) Gravel and Sand.—Both coarse-grained soils
(gravel and sand) have similar engineering prop-
erties, that differ mainly in degree. The division of
gravel and sand sizes by the No. 4 sieve is arbitrary
and does not correspond to a sharp change in prop-
erties. Well-graded, compacted gravels or sands are
stable materials. Coarse-grained soils that are de-
void of fines are pervious, easy to compact, affected
little by moisture, and not subject to frost action.
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Figure 5-7.—Typical soil gradation curve.
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Figure 5-8.—Typical angularity of bulky grains.
PX-D-16266.
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Figure 5-9.. -Test for liquid limit. PX-D-17009.

Figure 5-10.—Test for plastic limit. PX-D-16530.

Although grain shape and gradation, as well as size,
affect these properties, gravels are generally more
pervious, more stable, and less affected by water or
frost than are sands, for the same amount of fines.

As a sand becomes finer and more uniform, its
characteristics approach those of silt, with corre-
sponding decreases in permeability and reduction
in stability in the presence of water. Very fine, uni-
form sands are difficult to distinguish visually from
silt. Dried sand, however, exhibits no cohesion and
feels gritty, in contrast with the very slight cohesion
and smooth feel of dried silt.

(b) Siit and Clay.—Even small amounts of fines
can have significant effects on the engineering
properties of soils. If as little as 10 percent of the
particles in sand and gravel are smaller than the
No. 200 sieve size, the soil can be virtually imper-
vious, especially when the coarse grains are well-
graded. Moreover, serious frost heaving in well-
graded sands and gravels can be caused by fines
making up less than 10 percent of the total soil
weight. The utility of coarse-grained materials for
surfacing roads can be improved by the addition of
a small amount of clay to act as a binder for the
sand and gravel particles.
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Soils containing large quantities of siit and clay
are the most troublesome to the engineer. These
materials exhibit marked changes in physical prop-
erties with changes in water content. A hard, dry
clay, for example, may be suitable as a foundation
for heavy loads so long as it remains dry, but it may
become unstable when wet. Many of the fine soils
shrink on drying and expand on wetting, which may
adversely affect structures founded upon them or
constructed of them. Even when the water content
does not change, the properties of fine soils may
vary considerably between their natural condition
in the ground and their state after being disturbed.
Deposits of fine particles that have been subjected
to loading in geologic time frequently have a struc-
ture that gives the material unique properties in the
undisturbed state. When the soil is excavated for
use as a construction material or when the natural
deposit is disturbed, for example by driving piles,
the soil structure is destroyed and the properties of
the soil are changed radically.

Silts are different from clays in many important
respects, but because of their similar appearance,
they are often mistaken for each other, sometimes
with unfortunate results. Dry, powdered silt and
clay are indistinguishable, but they are easily iden-
tified by their behavior in the presence of water.
Recognition of fines as either silt or clay is an es-
sential part of the USCS.

Silts are the nonplastic fines. They are inher-
ently unstable in the presence of water and have a
tendency to become “quick” when saturated; that
is, they assume the character of a viscous fluid and
can flow. Silts are fairly impervious, difficult to
compact, and highly susceptible to frost heaving.
Silt masses undergo change of volume with change
of shape (the property of dilatancy), in contrast
with clays, which retain their volume with change
of shape (the property of plasticity). The dilatancy
of silt together with its quick reaction to vibration
affords a means of identifying typical silt in the
loose, wet state. The dilatancy test is illustrated by
the photographs on figure 5-11, and is described in
more detail in USBR 5005 [7]. When dry, silt can
be pulverized easily under finger pressure (indica-
tive of very slight dry strength), and has a smooth
feel between the fingers unlike the grittiness of fine
sand.

Silts differ among themselves in size and shape
of grains. This is reflected mainly in the property
of compressibility. Generally, the higher the liquid

{B) REACTION TO SQUEEZING.

Figure 5-11.—Dilatancy test for silt. PX-D-16335.

limit of a silt, the more compressible it is. The liquid
limit of a typical bulky-grained, inorganic silt is
about 30 percent; whereas, highly micaceous or dia-
tomaceous silts (elastic silts), consisting mainly of
flaky grains, may have liquid limits as high as 100
percent.

Clays are the plastic fines. They have low re-
sistance to deformation when wet, but they dry to
hard, cohesive masses. Clays are virtually imper-
vious, difficult to compact when wet, and impossible
to drain by ordinary means. Large expansion and
contraction with changes in water content are char-
acteristics of clays. The small size, flat shape, and
mineral composition of clay particles combine to
produce a material that is both compressible and
plastic. Generally, the higher the liquid limit of a
clay, the more compressible it will be. Therefore, in
the USCS, the liquid limit is used to differentiate
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CRITERIA FOR ASSIGNING GROUP SYMBOLS AND

SOIL CLASSIFICATION

Highly organic soils

organic odor

o

Based on the material passing the 3-in {75-mm) sieve.

GROUP NAMES USING LABORATQRY TESTS 2 GROUP GROUP NAME b
SYMBOL
GRAVELS CLEAN GRAVELS Cu>4and1<Cc<3® GW Well-graded gravel
More than 50% of | Less than 5% fines € -
coarse fraction Cu < 4 andfor 1 > Cc > 3 © GP Poorly yraded yravel f
retained on
No. 4 sieve B
5 GRAVELS WITH FINES Fines classify as ML or MH GM Silty gravel 29,0
%]
g § More than 12% fines © fan
? —w Fines classify as CL or CH GC Clayey gravel »9»
(=1 2w
w @~ —
E Cown .
< =g SANDS CLEAN SANDS Cu>6and 1 <Cc<3¢® SW Well-graded sand !
(L w N
Sooe . 50% or more of Less than 5% fines d ;
& gé’ coarse fraction Cu < 6 and/or 1 > Cc > 3 ¢© SP Poorly graded sand 1
S passes No. 4
4 sieve i
2 SANDS WITH FINES Fines classify as ML or MH SM Silty sand 9.1
More than 12% fines d s
Fines classify as CL or CH SC Clayey sand 951
PI1 > 7 and plots on or above cL Lean clay k,1,m
SILTS AND CLAYS “A" 1ine J
inorganic
Liquid Timit ) ) o
g less than 50 PI < 4 or plots below "A" Tine J ML sily <2 M
<
a2 organic Liguid 1imit - oven dried ¢ g.75 oL Organic clay <»1»m0
F Liquid Timit - not dried Klomo
o) Organic siit ~*'*7
uD.: w
= -1
—_- > . k,1,m
= §-E SILTS AND CLAYS PI plots on or above "A" line CH Fat clay
< v inorganic
E Liquid 1imit Klm
z 2 50 or more PI plots below "A" line MH Elastic silt "'
s _—
S organic Liquid 1imit - oven dried ¢ p,75 0H Organic clay K.1.m,p
o Liquid Timit - not dried Klom
Organic silt "* ' +4
Primarily organic matter, dark in color, and PT Peat

b. If field sample contained cobbles and/or boulders, add "with cobbles and/or boulders" to group name.

c. Gravels with 5 to 12% fines require dual symbols
GW-GM well-graded gravel with silt
GW-GC well-graded gravel with clay
GP-GM poorly graded gravel with silt
GP-GC poorly graded gravel with clay

d. Sands with 5 to 12% fines require dual symbols
SW-SM well-graded sand with silt
SW-SC well-graded sand with clay
SP-SM poorly graded sand with silt
SP-SC poorly graded sand with clay

e. Cu =Dgp/Djg Cc

(030)2
D10 x Dso

f. If soil contains > 15% sand, add "with sand" to group name.

g. If fines classify as CL-ML, use dual symbol GC-GM, SC-SM.

h. 1If fines are organic, add "with organic fines" to group name.
i. If soil contains > 15% gravel, add "with gravel" to group name.
j. If the Tiquid 1imit and plasticity index plot in hatched area on plasticity chart, soil is a CL-ML,

silty clay.

k. If soil contains 15 to 29% plus No. 200, add “with sand" or "with gravel™ whichever is predominant.
1. If soil contains > 30% plus No. 200, predominantly sand, add "sandy" to group name.

m. If soil contains > 30% plus No. 200, predominantly gravel, add “gravelly" to group name.

n. PI > 4 and plots on or above “"A" line.
o. PI < 4 or plots below "A" line.

p. PI plots on or above "A" line.

q. PI plots below “A" line.

Figure 5-12.—Soil classification chart (laboratory method). (Sheet 1 of 2).
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between clays of high compressibility (H) and those
of low compressibility (L). Differences in the plas-
ticity of clays are reflected by their plasticity in-
dexes. At the same liquid limit, the higher the
plasticity index, the more cohesive the clay.

Field differentiation among clays is accom-
plished by the toughness test, in which the moist
soil is molded and rolled into threads until crum-
bling occurs, and by the dry strength test, which
measures the resistance of the clay to breaking and
pulverizing. The toughness and the dry strength are
described in detail in USBR 5005 [7]. With a little
experience in performing these tests, the clays of
low compressibility and low plasticity, lean clays
(L), can be readily differentiated from the highly
plastic, highly compressible fat clays (H).

(c) Organic Material.—Organic material in the
form of partly decomposed vegetation is the pri-
mary constituent of peaty soils. Varying amounts
of finely divided vegetation are found in plastic and
in nonplastic sediments and often affect their prop-
erties sufficiently to influence their classification.
Thus, there are organic silts and clays of low plas-
ticity and organic silts and clays of medium to high
plasticity. Even small amounts of organic material
in colloidal form in a clay will result in an appre-
ciable increase in the liquid limit of the material
without increasing its plasticity index. Organic soils
are dark gray or black and usually have a charac-
teristic odor of decay. Organic clays feel spongy in
the plastic range as compared with inorganic clays.
The tendency for soils high in organic content to
create voids as a result of decay or to change the
physical characteristics of a soil mass through
chemical alteration makes them undesirable for en-
gineering use. Soils containing even moderate
amounts of organic matter are significantly more
compressible and less stable than inorganic soils
and, therefore, are undesirable for engineering use.

5.17. Unified Soil Classification System.—

(a) General.—Soils in nature seldom exist sep-
arately as gravel, sand, silt, clay, or organic material,
but are usually found as mixtures with varying pro-
portions of these components. The USCS is based
on recognition of the type and predominance of
these soil components, considering grain size, gra-
dation, plasticity, and compressibility. The system
divides soil into three major divisions: coarse-
grained soils, fine-grained soils, and highly organic
(peaty) soils. In the field, identification is accom-
plished by visual examination for the coarse grains

and by a few simple hand tests for the fine-grained
soils or portion of soils. In the laboratory the grain-
size curve and the Atterberg limits can be used. The
organic soils (Pt) are readily identified by color,
odor, spongy feel, and fibrous texture, and are not
further subdivided in the classification system.

(b) Field Classification.—A representative sam-
ple of soil (excluding particles larger than 3 inches)
is first classified as coarse-grained or as fine-
grained by estimating whether 50 percent, by dry
mass, of the particles can be seen individually by
the unaided eye. If the soil is predominantly coarse-
grained (at least 50 percent of particles can be seen
by eye), it is then identified as being a gravel or a
sand by estimating whether 50 percent or more, by
mass, of the coarse grain material is larger (gravel)
or smaller (sand) than the No. 4 sieve size (about
Y inch).

If the soil is a gravel, it is next identified as being
either “clean” (containing little or no fines) or
“dirty”’ (containing an appreciable amount of
fines). For clean gravels the final classification is
made by estimating the gradation: the well-graded
gravels belong to the GW group, and the uniform
and skip-graded gravels belong to the GP group.
Dirty gravels are of two types: those with nonplastic
(silty) fines (GM) and those with plastic (clayey)
fines (GC). The determination of whether the fines
are silty or clayey is made using the three manual
tests for fine-grained soils.

For sands the same steps and criteria are used
as for gravels to determine whether the soil is a well-
graded sand (SW), poorly graded sand (SP), sand
with silty fines (SM), or sand with clayey fines (SC).

If a material is predominantly (more than 50 per-
cent by weight) fine-grained, it is classified into one
of six groups (ML, CL, OL, MH, CH, OH) by es-
timating its dilatancy (reaction of shaking), dry
strength (crushing characteristics), and toughness
(consistency near the plastic limit), and by iden-
tifying it is as organic or inorganic.

Soils typical of the various groups are readily
classified by the above procedures. Many natural
soils, however, have property characteristics of two
groups because they are close to the borderline be-
tween the groups either in percentages of the var-
ious sizes or in plasticity characteristics. For these
soils, boderline classifications are used; that is, the
two group symbols most nearly describing the soil
are given, such as GC/SC.
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5.18. Engineering Characteristics of Soil
Groups.—(a) General.—Although there is no sub-
stitute for thorough testing to determine the im-
portant engineering properties of a particular soil,
approximate values for typical soils of each USCS
group can be given as a result of statistical analysis
of available data (table 5-1). The attempt to put
soils data into quantitative form involves the risk
of (1) the data not being representative, and (2) us-
ing the values in design without adequate safety
factors. In the early stages of planning, when dif-
ferent borrow areas and design sections are being
studied, these averaged values of soil properties can
be taken as useful qualitative guides. Because the
values pertain to the soil groups, proper soil clas-
sification becomes of vital importance. Verification
of field identification by laboratory gradation and
Atterberg limits tests for design must be made on
representative samples of each soil group
encountered.

Table 5-1 is a summary of values obtained from
more than 1,500 soil tests performed between 1960
and 1982 in the engineering laboratories of the Bu-
reau of Reclamation in Denver, Colorado. The data,
which were obtained from reports for which labo-
ratory soil classifications were available, are ar-
ranged according to the USCS groups. The soils are
from the 17 Western States in which the Bureau
operates. Although the sampling area of the soils
tested is limited, it is believed that the USCS is
relatively insensitive to geographical distribution.
The procedure for determining which of the many
submitted samples should be tested was conducive
to obtaining a representative range of values be-
cause samples were selected from the coarsest, the
finest, and the average soil from each source.

For each soil property listed, the average, the
standard deviation, the number of tests performed,
the minimum test value, and the maximum test
value are listed in table 5-1. Because all laboratory
tests, except large-sized permeability tests, were
made on compacted specimens of the minus No. 4
fraction of the soil, data on average values for the
gravels were not available for most properties. The
averages shown are subject to uncertainties that
may arise from sampling fluctuations, and tend to
vary widely from the true averages when the num-
ber of tests is small.

The values for laboratory maximum dry unit
weight, optimum moisture content, specific gravity,
and maximum and minimum index unit weight were

obtained by tests described in section 5.49. The MH
and CH soil groups have no upper boundary of lig-
uid limits in the classification; therefore, it is nec-
essary to give the range of those soils included in
the table. The maximum liquid limits for the MH
and the CH soils tested were 82 and 86 percent,
respectively. Soils with higher liquid limits than
these have inferior engineering properties.

(b) Shear Strength.—Two shear strength pa-
rameters are given for the soil groups under the
headings ¢’ and ¢'. The values of ¢ and ¢’ are the
vertical intercept and the angle of the envelope,
respectively, of the Mohr strength envelope on an
effective stress basis. (The Mohr plot is shown on
fig. 5-13). The Mohr strength envelope is obtained
by testing several specimens of compacted soil in a
triaxial shear apparatus in which pore-fluid pres-
sures developed during the test are measured.

The effective stresses are obtained by subtract-
ing the measured pore-fluid pressures in the spec-
imen from the stresses applied by the apparatus.
The data used in compiling the values in table 5-1
are taken from UU (unconsolidated-undrained) and
CU (consolidated-undrained) triaxial shear tests
with pore-fluid pressure measurements and from
CD (consolidated-drained) triaxial shear tests.

These values for shear strength are applicable
for use in Coulomb’s equation:

s=c + (oc— u) tan ¢ (1)
where:

s = shear strength,

u = pore-fluid pressure,

o = applied normal stress,

¢' = effective angle of internal friction, and
¢’ = effective cohesion.

A discussion of the significance of pore-fluid
pressure in the laboratory tests is beyond the scope
of this text. The application of pore-pressure meas-
urements to the shear strength of cohesive soils is
discussed in [7]. The effective-stress principle,
which takes the pore-fluid pressures into account,
was used in arriving at recommended slopes given
in chapter 6.

(¢} Permeability.—The voids in the soil mass
provide passages through which water can move.
Such passages vary in size, and the paths of flow
are tortuous and interconnected. If, however, a suf-
ficiently large number of paths of flow are consid-
ered as acting together, an average rate of flow for
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Table 5-1.—Average engineering properties of compacted soils. From the Western United States. Last updated October 6, 1982,

Compaction Shear strength
Uscs Laboratory Index Avg. placement
soil . . i :
. . Maximum 0 unit . Effective
type Specific gravity unit nf:::a‘:: weight Unit Ig](i: stress
No. 4 No. 4 weight, content, Max., Min., weight,  content, ¢ @,
minus plus 1b/ft? % Ib/ft*  Ib/ft? Ib/ft? % Ib/in® degrees Values listed
2.69 2.58 124.2 114 133.6 108.8 — — — — Average of all values
0.02 0.08 3.2 1.2 10.4 10.2 — — — - Standard deviation
2.75 2.67 127.5 13.3 145.6 1329 — -— — — Maximum value
16 9 5 16 0 Total number of tests
2.68 2.57 121.7 11.2 137.2 112.5 127.5 6.5 5.9 414 Average of all values
0.03 0.07 59 2.2 6.3 8.3 72 1.2 — 2.5 Standard deviation
GP 2.61 242 1049 9.1 1183 859 1174 5.3 59 38.0 Minimum value
2.76 2.65 127.7 17.7 148.8 123.7 1339 8.0 5.9 43.7 Maximum value
35 12 15 34 3 Total number of tests
2.73 2.43 113.3 15.8 132.0 108.0 125.9 10.3 13.4 34.0 Average of all values
0.07 0.18 11.5 5.8 31 0.2 0.9 1.2 3.7 2.6 Standard deviation
GM 2.65 2.19 87.0 58 128.9 107.8 125.0 9.1 9.7 314 Minimum value
292 292 133.0 29.5 135.1 108.1 126.9 11.5 17.0 36.5 Maximum value
34 17 36 2 2 Total number of tests
2.73 2.57 116.6 13.9 — — 111.1 15.9 10.2 275 Average of all values
0.08 0.21 7.8 3.8 — — 10.4 1.6 1.5 7.2 Standard deviation
GC 2.67 2.38 96.0 6.0 — — 96.8 11.2 5.0 17.7 Minimum value
3.11 2.94 129.0 23.6 — — 120.9 22.2 16.0 35.0 Maximum value
34 6 37 0 3 Total number of tests
2.67 2.57 126.1 91 125.0 99.5 — — — — Average of all values
0.03 0.03 6.0 1.7 6.0 7.1 — — — — Standard deviation
Sw 2.61 2.51 118.1 7.4 116.7 87.4 — — — — Minimum value
2.72 2.59 135.0 11.2 137.8 109.8 — — — — Maximum value
13 2 1 12 0 Total number of tests
2.65 2.62 115.6 10.8 115.1 93.4 103.4 54 5.5 374 Average of all values
0.03 0.10 9.7 2.0 7.2 8.8 14.6 — 3.0 2.0 Standard deviation
SpP 2.60 2.52 106.5 7.8 105.9 78.2 88.8 5.4 2.5 35.4 Minimum value
2.77 2,75 134.8 13.4 137.3 122.4 118.1 5.4 8.4 39.4 Maximum value
36 3 7 39 2 Total number of tests
2.68 2.18 116.6 12.5 110.1 849 112.0 12,7 6.6 33.6 Average of all values
0.06 0.11 89 3.4 8.7 79 11.1 54 5.6 5.7 Standard deviation
SM 2.51 2.24 929 6.8 88.5 61.6 91.1 1.6 0.2 23.3 Minimum value
3.11 2.63 132.6 25.5 122.9 97.1 132.5 25.0 21.2 45.0 Maximum value
149 9 123 21 17 Total number of tests
2.69 2.17 118.9 12.4 — — 115.6 14.2 5.0 33.9 Average of all values
0.04 0.18 5.9 2.3 — — 14.1 5.7 2.5 2.9 Standard deviation
SC 2.56 2.17 104.3 6.7 — — 91.1 7.5 0.7 28.4 Minimum value
2.81 2.59 131.7 18.2 — — 131.8 22.7 8.5 38.3 Maximum value
88 4 73 0 10 Total number of tests
2.69 — 103.3 19.7 — — 98.9 22.1 3.6 34.0 Average of all values
0.09 — 10.4 5.7 — - 11.5 89 4.3 3.1 Standard deviation
ML 2.52 — 81.6 10.6 — — 80.7 111 0.1 25.2 Minimum value
3.10 — 126.0 34.6 — — 119.3 40.3 11.9 317 Maximum value
65 0 39 0 14 Total number of tests
2.7 2.59 109.3 18.7 — — 106.5 1719 10.3 25.1 Average of all values
0.05 0.13 5.5 2.9 — — 7.8 5.1 7.6 7.0 Standard deviation
CL 2.56 2.42 90.0 6.4 — —_ 85.6 11.6 0.9 8.0 Minimum value
2.87 2.75 121.4 29.2 — — 118.7 35.0 23.8 33.8 Maximum value
270 3 221 0 31 Total number of tests
2.79 — 85.1 33.6 — — — ~— — — Average of all values
0.25 — 2.3 1.6 — — — — — — Standard deviation
MH 2.47 — 829 315 — — — — — — Minimum value
3.50 — 89.0 35.5 — — — — — — Maximum value
10 0 5 0 0 Total number of tests
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Table 5-1.—Average engineering properties of compacted soils. From the Western United States. Last updated October 6, 1982.

—Continued.
Compaction Shear strength
Uscs Laboratory Index Avg. placement
soil Specifi . Maximum Optimum unit Mois- Effective
type pecific gravity unit moisture weight Unit ture, stress
No.4 No. 4 weight, content, Max., Min,, weight,  content, ¢ '
minus plus lb/ft? % Ib/ft>  1b/ft? 1b/ft? % Ib/in?  degrees Values listed
2.73 — 95.3 25.0 — — 93.6 25.7 11.5 16.8 Average of all values
0.06 — 6.6 5.4 — — 8.1 5.7 7.4 72  Standard deviation
CH 2.51 — 82.3 16.6 — - 79.3 179 1.5 4.0 Minimum value
2.89 — 107.3 418 — — 104.9 35.3 215 275  Maximum value
74 0 36 0 12 Total number of tests
draulic conductivity) or “permeability.” Permeabil-
ity is the soil property that indicates the ease with
- ¢ which water will flow through the soil. The use of
g Mok strength envelope s of aiess ot foi k in estimating flow through soils is discussed in
ircles of stress q allure . .
£ for specimens. section 6.9(b). Many units of measurement are com-
x monly used for expressing the coefficient of perme-
£ ability. The units used on figure 5-14 are feet per
year (or cubic feet per square foot per year at unit
gradient). One foot per year is virtually equal to
°I - 10-% cm/s.

EFFECTIVE NORMAL STRESS, T

Figure 5-13.—Shear strength of compacted soils.
288-D-2474.

the soil mass can be determined under controlled
conditions that will represent a property of the soil.

In 1856, H. Darcy showed experimentally that
the rate of flow of water, g, through a soil specimen
of cross-sectional area A was directly proportional
to the imposed hydraulic gradient (i = Ah/L) or
g = kiA. The coefficient of proportionality, k, has
been called “Darcy’s coefficient of permeability,”’
“coefficient of permeability” (also referred to as hy-

Permeability in some soils is very sensitive to
small changes in unit weight, water content, or gra-
dation. Because of the possible wide variation in
permeability, the numerical value of k should be
considered only as an order of magnitude. It is cus-
tomary in the Bureau of Reclamation to describe
soils with permeabilities less than 1 ft/yr as im-
pervious; those with permeabilities between 1 and
100 ft/yr as semipervious; and soils with permea-
bilities greater than 100 ft/yr as pervious. These
values, however, are not absolute for the design of
dams. Successful structures have been built whose
various zones were constructed of soils with perme-
abilities not within these respective ranges.
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Coefficient of permeability,k,in feet per yeor {log scale)

1,000,000 10,000 100 ! 0.01
| I l | [ | l l |
USBR description Pervious Semipervious Impervious
Coefficient of permeability,k,in centimeters per second (log scale)
102 10! i0-! 10-2 10-3 10-4 109 108 10-7 10-8 10-9
| | | [ I | ! | ! |
Drainage Good Poor Practically impervious
Clean gravel Clean sands, clean sand Very fine sands; organic ond inorganic 'Impervious"soils,e,gq
and gravel mixtures silts; mixtures of sond,silt, and clay; homogeneous clays below
. glacial till; stratified cloy deposits; etc. zone of weathering
Soil Types
"Impervious” soils modified by effects of
vegetation and weathering
Permeability Uscs Num:er
ranges from Classification . . 0
US[gR Jabora - Maximum Average Minimum Tests
tory tests on
compacted GW [ | 1] 13
specimens
GP [ I J 22
GM [ 1 ] 20
6C I J 13
SW (1 6
SP 1 i 8
SM [ ] 42
SC L ] 17
ML T 20
cL [ I ] 34
MH Cr—— 1 2
CH T ] .

Figure 5-14.—Permeability of soils. (After Casagrande and Fadum, 1940). 103-D-1860.

E. ROCK CLASSIFICATION AND DESCRIPTION OF PHYSICAL PROPERTIES OF ROCK

5.19. General.—(a) Definition and Types.—
Rock is defined as an aggregate of one or more min-
erals. However, to the engineer the term “rock’ usu-
ally signifies hard or lithified substances that
require mechanical or explosive methods to exca-
vate. Based on their principal mode of origin, rocks
are grouped into three large classes: igneous, sedi-
mentary, and metamorphic. These are discussed in
more detail in sections 5.20, 5.21, and 5.22,
respectively.

(b) Mineral Identification.—The physical prop-

erties of a mineral, which are controlled by its
chemical composition and molecular structure, are
valuable aids in its identification and, consequently,
in rock identifications. These properties include
hardness, cleavage, fracture, luster, color, and
streak. Those characteristics that can be deter-
mined by simple field tests are introduced to aid in
the identification of minerals and indirectly in the
identification of rocks.

(1) Hardness.—The hardness of a mineral is a
measure of its ability to resist abrasion or scratch-
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ing. A simple scale based on empirical tests for
hardness has been universally accepted. The ten
minerals selected to form the standard of compar-
ison are listed in order of increasing hardness from
1 to 10:

Mineral Hardness

Talc or mica

Gypsum (fingernail about 2)

Calcite

Flourite (copper coin between 3 and 4)
Apatite (knife blade about 5)
Orthoclase feldspar (glass about 5.5)
Quartz

Topaz or beryl

Corundum

Diamond

O WO =1 O WM

—

When testing the hardness of a mineral always
use a fresh surface, and always rub the mark to
make sure it is really a grove made by scratching.

(2) Cleavage.—A material is said to have cleav-
age if smooth, plane surfaces are produced when
the mineral is broken. Some minerals have one
cleavage; others have two, three, or more different
cleavage directions, which may have varying degrees
of perfection. The number of cleavage directions
and the angle at which they intersect serve to help
identify a mineral (fig. 5-15).-

(3) Fracture.—The broken surface of a mineral,
in directions other than those of cleavage planes, is
called the fracture. In some cases this property may
be very helpful in field identification. The common
types of fracture are conchoidal if the fracture has
concentric curved surfaces like the inside of a clam-
shell; irregular if the surface is rough; and splintery
if it has the appearance of wood.

(4) Luster.—the luster of a mineral is the ap-
pearance of its surface based on the quality and
intensity of the light reflected. Two major kinds are
recognized, metallic and nonmetallic. Metallic min-
erals are opaque, or nearly so; whereas, nonmetallic
minerals are transparent on their thin edges.

(5) Color.—Using color for identification must
be done with proper precaution because some min-
erals show a wide range of color without a percep-
tible change in composition.

(6) Streak.—The color of the fine powder of a
mineral, obtained by rubbing it on the unglazed por-
tion of a porcelain tile is known as its streak. The
streak of a mineral is quite consistent within a-given

range, even though its color may vary.

(c) Common Rock-Forming Minerals.—Only
about 12 of the 2,000 known varieties of minerals
are found in most common rocks. The primary rock-
forming minerals or mineral groups are described
below.

* Quartz.—Silicon dioxide. Quartz is the second
most common rock-forming mineral. Hard-
ness, 7, scratches glass easily; no cleavage; frac-
ture, conchoidal; luster, vitreous; common
varieties, usually white or colorless; streak,
white or colorless.

Feldspar group.—Potassium-aluminum sili-
cates or sodium-calcium-aluminum silicates.
Feldspars are the most common rock-forming
minerals. Hardness, 6, scratches glass with dif-
ficulty; luster, vitreous; streak, white. Ortho-
clase is a common potassium-rich variety that
is typically colorless, white, gray, pink, or red,
and has two good directions of cleavage that
intersect at 90° to each other (No. 1 on fig.
5-15). The sodium-calcium-rich feldspars,
commonly referred to as plagioclase feldspar,
are typically of various shades of gray, have two
cleavage directions that intersect at angles of
nearly 90° to each other, and can be differen-
tiated from orthoclase feldspar by the presence
of fine, parallel lines (striations) that appear
on the basal cleavage surface.

Mica group.—Complex potassium-aluminum
silicates, often with magnesium, iron and so-
dium. Hardness, 2 to 3, can be scratched with
the thumbnail; good cleavage in one direction;
luster, vitreous to pearly; transparent, with
varying shades of yellow, brown, green, red, and
black in thicker specimens; streak, white. The
true characteristic of this group is the capa-
bility of being split (cleavage) very easily into
extremely thin and flexible sheets. Biotite

Figure 5-15.—Mineral cleavage. 288-D-2918.
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(black) and muscovite (white) are two repre-
sentative varieties.

Amphibole group.—Complex calcium-magne-
sium-iron silicates. Hardness, 5 to 6; cleavage
in two directions at angles 56° and 124°; color,
light to dark green to black; streak, white to
grayish-green. Hornblende is a common variety
that can usually be differentiated from other
amphiboles by its dark color.

Pyrozene group.—Complex calcium-iron sili-
cates, closely analogous chemically to the am-
phibole group. Hardness, 5 to 6; two directions
of cleavage, making angles of about 87° and
935 an important characteristic useful in dif-
ferentiating between the minerals of the py-
roxene and amphibole groups; color, light to
dark green to black; streak, white to grayish-
green. Augite is a common variety that can be
differentiated from hornblende by the cleavage
angles.

Olivine.—Magnesium-iron silicate. Hardness
6.5 to 7; no cleavage, luster, vitreous; color, ol-
ive to grayish-green to brown; streak, white to
colorless. An important characteristic of this
mineral is its friability, or tendency to crumble
into small grains, which is due to its granular
texture.

Calcite and dolomite.—Calcium carbonate and
calcium-magnesium carbonate. Hardness, 3
and 3.5 to 4; perfect cleavage in three direc-
tions(No. 2 on fig. 5-15); luster, vitreous to
pearl; usually white or colorless, but may ap-
pear in shades of gray, red, green, blue, or yel-
low; streak, white. Calcite may develop in large
crystals; whereas, dolomite is commonly found
in coarse, granular masses. Besides being com-
mon rock-forming minerals, these two carbon-
ates are important cementing agents.

Clay minerals.—Extremely complex hydrous
aluminum silicates. Hardness, 2 to 2.5; luster,
dull to earthy; color, white, gray, greenish, and
yellowish-white. The three most important
groups of clay minerals are kaolinite, smectite,
and illite. Almost all clays contain one or more
of these three groups. Clay minerals can be
identified only under the microscope and with
the aid of x-ray equipment. They occur typi-
cally in extremely fine-grained masses of thin,
micalike scales.

Limonite and hematite.—Hydrous ferric oxide
and ferric oxide. Hardness, 5.5 and 6.5; no

cleavage; color, dark brown to black and red-
dish-brown to black, depending on the variety.
Limonite has a yellowish-brown streak and is
characteristically found in dark brown, nodular
earthy masses with no apparent crystal struc-
ture. Hematite has a light to dark Indian-red
streak and usually occurs in earthy masses. Li-
monite and hematite are important coloring
and cementing minerals in many different
rocks, especially in the sedimentary group.

5.20. Igneous Rocks.—(a) General.—Igneous
rocks are those that have solidified from a molten
mass (magma) deep within the earth (intrusive
rocks) (fig. 5-16) or from lava extruded on the
earth’s surface (extrusive rocks). Igneous rocks owe
their variation in significant characteristics to dif-
ferences in the chemical composition of the magma
and to differences in physical conditions under
which the molten mass solidified.

Dikes are tabular igneous bodies that are com-
monly intruded at an angle to the bedding or the
foliation of the country rock (fig. 5-17). Sills are
igneous rocks that are usually intruded parallel to
the bedding or foliation of the rocks that enclose
them. The thickness of a dike or a sill may vary
from inches to several hundred feet, but this di-
mension is usually quite small in relation to the
length and width of the intrusive body. Large, ir-
regular, intrusive masses with exposures larger than
40 mi? are called batholiths. Although originally
deeply buried beneath the earth’s surface, they have
become exposed through a process of uplift and ero-
sion. A striking example of an exposed batholith is
the one in central Idaho, which has an estimated
area of over 80,000 mi% Intrusive masses covering
less than 40 mi® are called stocks.

BATHOLITH

Contact e
metamorphic zone

]

Figure 5-16.—lIntrusive igneous masses. (U.S. Army Corps
of Engineers). 288-D-2919.
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Figure 5-17.—Three dikes cutting sedimentary beds. {U.S.
Army Corps of Engineers.) 288-D-2920.

Extrusive igneous rocks include lava flows and
volcanic ejecta. Lava flows issue from fissures in
the earth’s crust or pour out of volcanoes. These
flows are the most common modes of occurrence of
extrusive igneous rocks. Among the most notable
of the enormous lava flows in the world is the Co-
lumbia River Plateau of Washington, Oregon, and
Idaho. The lava sheets cover approximately 200,000
mi2, and the succession of flows has a known cu-
mulative thickness of more than 4,000 feet. Explo-
sive volcanoes frequently eject great quantities of
broken and pulverized rock material and molten
lava, which solidify before striking the ground.
These volcanic ejecta are termed pyroclastic ma-
terial. They very in size from great blocks.weighing
many tons through small cinders of lapilli to fine
dust-sized particles referred to as ash (fig. 5-18).
The classification of pyroclastics is shown on figure
5-217.

" (b) Classification of Igneous Rocks.—Chemical
composition and texture are used to classify igneous
rocks. Magma is a complex solution containing the
oxide of silicon, which behaves as an acid, and ox-
ides of iron, aluminum, calcium, magnesium, po-
tassium, and sodium, which behave as bases. If more
acid is available than is necessary to satisfy the
bases in the magma, the surplus will show itself as
free silicon dioxide (quartz), and the resulting rock
is said to be acidic. If the bases are in excess, iron-
magnesium minerals will be present and the rock

is said to be basic. As a rule, acidic rocks are light
colored, and basic rocks are dark to black.

Texture refers to the size and arrangement of the
mineral grains in the rock (fig. 5-19). These factors
are influenced primarily by the rate at which the
molten mass, magma or lava, cools. A constant rate
of cooling produces rocks in which the constituent
mineral grains are approximately the same size. In
general, the slower the molten material cools, the
larger the size of the mineral grains. A change in
the rate of cooling from an initial slow phase fol-
lowed by a more rapid phase usually produces por-
phyritic texture (No. 4 on fig. 5-19). These rocks
are characterized by mineral grains of two domi-
nant sizes: phenocrysts, or large grains, in a ground
mass or background of smaller grains. Textural
terms used in the classification of igneous rocks are
contained in table 5-2.

Figure 5-20 lists the various types of igneous
rocks. Those of similar chemical composition or
mineral content are listed in the vertical columns;
those of similar texture are listed in the horizontal
rows. Common igneous rocks and their constituent
minerals are described in the following paragraphs.

Granite and rhyolite are composed primarily of
quartz and feldspar (mainly of the orthoclase va-
riety), and as a rule contain mica (generally the
biotite variety).

Diorite and andesite are composed of feldspar
(mainly plagioclase varieties) and one or more dark
minerals (biotite, hornblende, or pyroxene).

Gabbro and basalt differ from diorite in that the
dark minerals (hornblende, pyroxene, and olivine)
predominate. All feldspar is plagioclase, and biotite,
although present in some gabbros, is uncommon.

Obsidian and pitchstone correspond in compo-
sition to granite and rhyolite. Both are commonly
referred to as volcanic glasses. Obsidian is dark-
colored to black with a brilliant luster (No. 3 on fig.
5-19). Pitchstone is lighter colored and with a dull
luster.

Pumice is a porous or cellular glass, usually white
or gray, and commonly has the composition of
rhyolite.

(c) Primary Structural Features.—With the ex-
ception of those varieties that exhibit an aphanitic
texture, igneous rocks are composed of interlocking
grains of different minerals. On this basis they can
be distinguished from crystalline sedimentary and
massive metamorphic rocks, which normally con-
tain crystals of the same mineral. The distinctive
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Figure 5-18.—Blocky type of solidified lava flows. Layer of volcanic ejecta (ash) covers area
at left and in foreground. (U.S. Army Corps of Engineers). 288-D-2921.

structural features common to some, but not all,
igneous rocks are described below.

Flow structure may be exhibited by the glassy-
textured igneous rocks, such as obsidian, and by the
fine-grained extrusives, such as rhyolite.

Vesicular or scoriaceous structure is commonly
present in extrusive igneous rocks (fig. 5-21). Such
rock contains tiny spherical to almond-shaped
openings called vesicles, formed by gas bubbles in
or rising through the lava.

Lamellar or platy structure may be found in some
of the coarser grained igneous rocks. This structure
is due to the parallel orientation of such minerals
as mica or hornblende, and most commonly occurs
near the contacts of intrusive bodies where the fric-
tion between the wall rock and the molten material
causes the platy minerals to align themselves in the
direction of flow.

5.21. Sedimentary Rocks.—(a) General.—Sed-
imentary rocks are of secondary origin. They are
formed in layerlike masses of sediment that have
hardened through cementation, compaction, or re-
crystallization. The inorganic material entering
into the composition of most sedimentary rocks is
derived from the disintegration and decomposition

of preexistent igneous, sedimentary, and metamor-
phic rocks. This material is then moved from its
original position by water, wind, or glaciers in the
form of solid particles or dissolved salts. Rock par-
ticles dropped from suspension produce deposits of
clastic or fragmental sediment. By chemical reac-
tion the dissolved salts become insoluble and form
precipitated sediments, or by evaporation of the
water medium they form evaporites.

Based on the mode of origin, sediments can be
classified as clastic, chemical, or organic. The clas-
tic, or fragmental, sediments include gravel, sand,
silt, and clay, which are differentiated by the di-
mensions of the particles. All types of rock con-
tribute to clastic material. Each size of clastic
particle may be transported by several agencies.
The terms gravel, sand, silt, and clay soils are de-
fined in section 5.14. However, the differentiation
between “clay” and “silt” when classifying rock is
based solely on the grain size of the particle, not
the plasticity characteristics. Chemically deposited
and organic sediments are classified on the basis of
their chemical composition.

The conversion of sediment into rock, sometimes
called lithification, is brought about by a combi-
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nation of the following processes:

« Compaction, in which the rock or mineral par-
ticles are brought closer together by the pres-
sure of overlying materials, as in the conversion
of clay to shale and the conversion of peat to
coal

o Cementation, in which porous materials are
bound together by minerals precipitated from
water solution such as silicon dioxide (quartz),
calcium carbonate (calcite), and the iron oxides
(limonite and hematite)

 Recrystallization, in which a rock with an in-
terlocking crystalline fabric or grain, such as
crystalline limestone, is developed by the con-
tinued growth of the mineral grains in a sedi-
ment or by the development of new minerals
from water

(b) Characteristics.—Clastic rocks commonly
show separate grains. The chemical precipitates
and evaporites, on the other hand, either have in-
terlocking crystals or are in earthy masses. The or-
ganically formed rocks commonly contain easily
recognized animal and plant remains such as shells,
bones, stems, or leaves. Figure 5-22 lists the sedi-
mentary rock classifications used by the Bureau of
Reclamation.

(1) Coarse-Grained Sedimentary Rocks.—The
minerals commonly found in the coarse-grained
sedimentary rocks, such as conglomerates (fig.
5-23) and sandstone, are quartz as grains or ce-
menting material; feldspar; mica minerals; clay

Figure 5-19.—Textures of igneous rocks. ® Coarse-
grained, @ fine-grained, @ glassy, and ® porphyritic.
(U.S. Army Corps of Engineers). 288-D-2922.

minerals; and limonite, hematite, or calcite, as ce-
menting material.

(2) Fine-Grained Sedimentary.—The minerals
commonly found in predominantly fine-grained
sedimentary rocks, like shale and siltstone, are clay
minerals; quartz as fine grains or cementing ma-
terial; mica minerals; and limonite, hematite, and
calcite as cementing materials.

(3) Crystalline Sedimentary Rocks.—The min-
erals commonly found in crystalline sedimentary
rocks, such as limestone, chalk, dolomite, and co-
quina, are calcite, dolomite and quartz.

(¢) Primary Structural Features.—The primary
structural features inherent in the sediment before
consolidation are valuable in the field recognition
of sedimentary rocks. A universally prevalent struc-
tural feature of sedimentary rocks is their strati-
fication, as indicated by differences in composition,
texture, hardness, or color in approximately parallel
bands. These strata may be flat lying, or nearly so,
as originally deposited, or they may be tilted or
folded as a result of movement within the earth’s
crust. Each stratum or bed is separated from the
one immediately above and below by bedding
planes.

Some sedimentary deposits, usually those com-
posed of granular materials such as sand commonly
exhibit laminae lying at an angle to the true bedding
plane. This feature of sedimentary rock is known
as crossbedding. Sediment deposited in low, flat
places, such as flood plains of rivers or intermittent
lakes, may develop mud cracks that separate the
mass into irregular polygonal blocks. These may
harden sufficiently to be preserved during the lith-
ification of the sediment. Parallel ridges, known as
ripple marks, developed in sediment moved by wind

Table 5-2.—Igneous textural descriptors.

Descriptor Average crystal diameter,

in inches

Very coarse-grained >

or pegmatitic

Coarse-grained 3he to %

Medium-grained /32 to 3/e

Fine-grained 0.04 to 142

Aphanitic (cannot be <0.04

seen with the un-
aided eye)
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for example, “porphyritic granite".
p

If there are «<50% phenocrysts, the adjective "porphyritic" should be used,

Figure 5-20.—Field classification of igneous rocks. Modified from [3]. 103-D-1861.
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Figure 5-21.—Scoriaceous structure in extrusive lava
rock. (U.S. Army Corps of Engineers). 288-D-2923.

or water are often preserved when the sediment is
consolidated. Fossils, the remains or impressions of
animals and plants, are not structural features, but
they are important to the field identification of sed-
imentary rocks (see fig. 5-24).

5.22. Metamorphic Rocks.—(a) General.—
Metamorphic rocks are those formed from preex-
isting igneous or sedimentary rocks as a result of
adjustments of these rocks to environments differ-
ent from those in which they were originally formed.
These adjustments may include the formation
within the rock of new structures, textures, and
minerals.

Temperature, pressure, and chemically active
fluids and gases are the major interrelated factors
involved in metamorphism. Each factor is capable
of accomplishing metamorphic work as follows:

(1) Temperature.—The effect of heat is twofold:
it increases the solvent action of fluids, and it helps
break up and change chemical compounds. Ex-
tremely high temperatures may result from the in-
trusion of molten masses or from deep burial.

The zone of altered rock formed adjacent to a
molten mass is called the contact metamorphic zone
(fig. 5-16). Heat may also be related to the depth
of burial. In this case the earth’s own heat produces
metamorphism.

(2) Pressure.—The compressive forces that ac-
company movements in the earth’s crust are mainly
responsible for the pressures to which many rocks
are subjected. By the action of these movements,
rocks are reformed in which the crystals, grains, and

105

rock fragments are flattened and elongated or pul-
verized as a result of the pressure.

(3) Fluids and Gases.—Water, in either fluid or
gas form, is the most important of the liquids and
gases involved in metamorphism. Under heat and
pressure, water becomes a powerful chemical agent.
It acts as a solvent, promotes recrystallization, and
takes part in the composition of minerals for which
it is essential. Water may be accompanied locally
by carbon dioxide and other fluids or gases issuing
from igneous magmas.

{(b) Classification.—Metamorphic rocks, on the
basis of their primary structure, are readily divided
into two groups: foliated and nonfoliated. The fol-
iated metamorphic rocks display a pronounced pri-
mary banded or layered structure as a result of the
differential pressure to which they have been sub-
jected (fig. 5-25). The nonfolidated or massive met-
amorphic rocks do not exhibit primary structural
features. Metamorphism has apparently been lim-
ited to the process of recrystallization without the
action of differential pressure. These structural dif-
ferences are used as the basis for the simplified clas-
sification of the common metamorphic rocks listed
on figure 5-26. The characteristics of several com-
mon types of metamorphic rocks are described in
the following paragraphs.

Gneiss is characterized by rough, relatively
coarse banding or foliation. The bands, often of un-
like minerals, commonly appear as alternating light
and dark lens-shaped masses in the body of the
rock. The common minerals or mineral groups pres-
ent in gneisses are quartz and the feldspar, mica,
amphibole, and pyroxene mineral groups. The spe-
cific name assigned is determined by the predom-
inant mineral in the rock. For example, gneiss with
a predominance of the mineral hornblende would
be called hornblende gneiss.

Schist is more homogeneous in appearance and
composition than gneiss. Its foliations are much
thinner, generally more uniform in thickness, finer
textured, and often folded to a much greater degree
than the bands of most gneisses. The minerals are,
in general, the same as for gneiss, except that talc,
chlorites, serpentine, and graphite may be domi-
nant in some schists. As in gneiss, the specific name
of a schist is determined by-the predominant min-
eral present.

Slate is very fine-grained and homogeneous. Fol-
iation is developed to a very great degree, enabling
the slate to split into thin sheets with relatively
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Rocks including significant quantities of iron, carbon, or miscellaneous salts follow the above format.

carbonaceous shale, gypsum, phosphatic limestone.

Figure 5-22.—Field classification of sedimentary rocks. Modified from [3).

For example: ferruginous guartzcse sandstone, coal,
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Figure 5-24.—Fossiliferous limestone. {U.S. Army Corps of Engineers). 288-D-2926.

smooth surfaces. The predominant minerals in
slate are quartz, mica, chlorite, and sometimes
graphite.

Quartzite is a metamorphic rock derived from
sandstone by the recrystallization of or cementation
by quartz. Quartzite formed by recrystallization
may bear little resemblance to the parent rock.
However, quartzite formed by cementation exhibits
much the same physical appearance as the rock
from which it is derived.

Marble is massive metamorphic rock that has
essentially the same mineral content as the crys-
talline sedimentary rocks from which it is derived.

5.23. Rock Classification.——Numerous systems
are used for field and petrographic classification of
rocks. Many classifications require detailed petro-
graphic laboratory tests and thin sections; others
require limited petrographic examination and field
tests. The Bureau of Reclamation has established
a classification system that is modified from the one
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Figure 5-25.—Foliation in metamorphosed sedimentary rocks. (U.S. Army Corps of
Engineers). 288-D-2927.

developed by R. B. Travis [3]. Although the Bu-
reau’s system is not based entirely on field tests or
field identification of minerals, many of the clas-
sification categories are sufficiently broad that field
identification is possible. The differences in the
mineral constituents that cannot be determined
precisely in the field are usually not significant
enough to affect the engineering properties of the
rock. Detailed mineralogic identification and pe-
trographic classification can be performed on hand
samples or core samples submitted to the E&R (En-
gineering and Research) Center Petrographic
Laboratory.

The engineering geologist must remember that
engineering-geologic rock units should bear sim-
plistic, general rock names based on either field
identification, existing literature, or detailed petro-
graphic examination. One must resist overclassifi-
cation. For example, a rock unit should be called
“hornblende schist” or “amphibolite” rather than
“sericite-chlorite-calcite-hornblende schist.” The
term “granite” would convey more to a designer
than the petrographically correct term “nepheline-
syenite porphyry.” Detailed mineralogic descrip-

tions for various rock units may be used in reports
and may be required to correlate between obser-
vations. But mineralogic classifications are not de-
sirable as a rock unit name unless the mineral
constituents or fabric are significant to engineering
properties.

The classification for igneous, sedimentary, and
metamorphic rocks are shown on figures 5-20, 5-22,
and 5-26, respectively. These figures are condensed
and modified slightly from Travis’s more detailed
classifications, which may also be used. The clas-
sification of pyroclastics is shown on figure 5-27.

(a) Unit Names and Identification.—Rock unit
names are required for identification. They may
also provide indications of formation and geologic
history, geotechnical characteristics, and correla-
tions with other areas. a simple descriptive name
and map symbol should be assigned to indicate the
possible engineering characteristics of the rock
type. The rock unit names may be stratigraphic,
lithologic, generie, or a combination of these, such
as Navajo sandstone (Jn), Tertiary shale (Tsh), Jur-
assic chlorite schist (Jcs), Precambrian ganite
(PCgr), or metasediments (ms). The engineering
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Naming a metamorphic rock consists chiefly of orefixing the structural term with mineral names or an appropriate rock name.
the original rock, if recognizable, or the new mineral composition.
rocks that have undergone considerable recrystallization but have largely retained their original fabric.

The prefix “meta",

as "Metagabbro",

"metasandstone”, "metatuff",

genetically important and if present should be included in the rock name regardless of their quantity.

Figure 5-26.—Field classification of metamorphic rocks. Modified from [3]. 103-D-1863.

The rock name indicates either
etc., is applied to
Most of the minerals listed as accessories are
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Blocks
and
Bombs

>64mm(>2-1/2 inches)

Volcanic
Breccia

75% Blocks and/or Bombs (Blocks) or

Agqlomerate 75 % Blocks and/or Bombs
25% Lapilli ({Bombs) 25% Ash
Tuff
Breccia
75% Lapilli 75 % Ash
25°% Blocks and Bombs 25% Blocks, Bombs
Lapilli Tuff Tuff
Lapilti T ) . I - T T Ash
2 to 64mm <2mm
(|/|6 to 2-1/2 inches) 75 0/° anilli 750/° Ash (< |/|6 inCh)
25 % ‘Ash 25% Lapilli

Blocks are angular to subangular clasts >64 mm (>2-1/2 inches)
Determine percent of each size present (ash, lapilli,

blocks, and bombs), and 1ist in decreasing order after rock
name. Precede rock name with the term "welded" for pyro-
clastic rocks that have retained enough heat to fuse after
deposition. Rock names for such deposits will usually be
selected from the Tower right portion of the classification
diagram,

NOTE:

Figure 5-27.—Field classification of pyroclastic rocks. Modified from [4] and [5].

significance of bedrock units of similar physical neering-geologic units with descriptions of their en-

properties should be delineated and identified.
Every attempt should be made to identify and de-
lineate units as early as posible during each geologic
study. For appraisal planning studies, reservoir
maps and other large-scale drawings may require
the use of geologic fomrations of groups of engi-

gineering significance in accompanying discussions.
When more detailed mapping is performed, each
unit should be individually identified and
delineated.

Significant units should be differentiated, where
it is possible to do so, by engineering properties but
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not necessarily by formal stratigraphic units. Al-
though stratigraphic names are not required, bed-
rock units should be correlated to stratigraphic
names in the data report or by an illustration, such
as a stratigraphic column. This may require re-
search and consultation to establish proper strati-
graphic nomenclature. Stratigraphic names and
ages (formation, member, etc.) descriptive enough
to identify rock properties may be used as rock unit
names. For engineering studies, each particular
stratigraphic unit may require further subdivisions
to identify different engineering parameters, such
as susceptibility to weathering, presence of altera-
tion, dominant discontinuity characteristics, hard-
ness, strength, deformability, and the presence of
deletereous minerals or beds (such as swell suscep-
tibility in sulfates or clays). For example, a shale
unit, Tsh, may be differentiated as Tsh; or Tsh, if
unit 2 contains bentonite interbeds and unit 1 does
not, and Tshe may be used as a unit name for the
bentonite beds. A chlorite schist unit, Cs, may be
differentiated as Cs, or Csy where unit A contains
higher percentages of chlorite or talc and is signif-
icantly softer (i.e., has different deformation prop-
erties) than unit B. A meta-sediment unit, Ms, may
be further differentiated on more detailed maps and
logs as Ms,, (shale) or Ms), (limestone). All differ-
entiated units should be assigned distinctive map
symbols.

(b) Descriptors and Descriptive Criteria for Phys-
ical Characteristics.—Descriptive criteria for phys-
ical characteristics of rock are based on lithology,
bedding (or foliation and flow) textures, weathering
or alteration, hardness, discontinuities, contacts,
and permeability. The descriptors are discussed in
the following paragraphs. A more complete discus-
sion of these descriptors can be found in chapter
II-4 of the Bureau of Reclamation’s Engineering
Geology Manual [6].

(1) Lithologic Descriptors (Composition, Grain
Size, and Texture).—Brief lithologic descriptions of
the rock units should be provided. These include a
general description of mineralogy, degree of indur-
ation, cementation, crystal sizes and shapes, tex-
tural adjectives, and color. Lithologic descriptors
are especially important for the description of
engineering-geology subunits when rock unit names
are not specific, such as metasediments, Tertiary
intrusives, Quaternary volcanics, etc.

(2) Bedding, Foliation, and Flow Texture.—
These features give the rock anisotrophic properties

or represent potential failure surfaces. Continuity
and thickness of these features influence rock mass
properties and cannot always be tested in the lab-
oratory. Typical thickness descriptors for these fea-
tures are listed in table 5-3.

(3) Weathering, Alteration and Slaking.—These
three characteristics significantly affect the engi-
neering properties and must be adequately de-
scribed in identifying rock for engineering purposes.

a. Weathering.—Weathering, the chemical or
mechanical degradation of rock, can significantly
affect the engineering properties of the rock and
rock mass. The term “weathering” for engineering-
geology descriptions includes both chemical disin-
tegration (decomposition) and mechanical disag-
gregation as agents of alteration. Weathering
affects generally decrease with depth, although
zones of differential weathering can occur and may
modify a simple sequence of weathering. Examples
of these are (1) differential weathering within a sin-
gle rock unit, apparently caused by relatively higher
premeability along fractures; (2) differential weath-
ering between different or the same rock units, usu-
ally caused by compositional or textural differences;
(3) differential weathering of contact zones asso-
ciated with thermal effects, such as interflow zones
within volcanics; and (4) directional weathering
along permeable joints, faults, shears, or contacts
that act as conduits along which weathering agents
penetrate more deeply into the rock mass.

Weathering does not correlate directly with the
specific geotechnical properties used for many rock
mass classifications. However, weathering is im-
portant because it may be the primary criterion for
determining depth of excavation, cut slope design,
method and ease of excavation, and use of excavated
materials. Porosity, absorption, compressibility,

Table 5-3.—Bedding, foliation, and flow texture descriptors.

Descriptor Thickness
Massive >10 feet
Very thickly (bedded, 3 to 10 feet

foliated, or banded)
Thickly 1 to 3 feet
Moderately 0.3 to 1 feet
Thinly 0.1 to 0.3 feet

0.03 (3% inch) to 0.1 feet
<0.03 feet (<38 inch)

Very thinly
Laminated (intensely
foliated or banded)
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shear and compressive strengths, unit weight, and
resistance to erosion are major engineering param-
eters influenced by weathering. Weathering is gen-
erally indicated visually by changes in the color and
the texture of the rock mass, the condition of frac-
ture fillings and surfaces, grain boundary condi-
tions, and physical properties like hardness.

b. Alteration.—Chemical alteration effects dis-
tinct from chemical and mechanical degradation
(weathering), such as hydrothermal alteration, may
not fit into the weathering definitions discussed in
the previous paragraph. When the alteration does
not relate well to the weathering characteristics, the
geologist must adjust the description to emphasize
alterations. Many of the general characteristics may
not change, but their degree could be very different.
Appropriate descriptors, such as “moderately al-
tered,” “intensely altered,” etc., may be assigned for
each alteration category.

c. Slaking.—Slaking is another type of disinte-
gration that affects the parameters used for design
and construction. Terminology and descriptive cri-
teria to identify this deleterious property are dif-
ficult to standardize because some materials air
slake, many water slake, and some slake only after
one or more wet-dry cycles. The durability index in
table 5-4 provides a simplified method for describ-
ing slaking. The criteria for the index are based on
the time exposed and the effects noted in the field.
However, the Bureau of Reclamation has not es-
tablished laboratory tests for quantifying slaking
durability. These simplified criteria do not specify
whether the specimen or exposure is wetted, dried,
or subjected to cyclic wetting and drying, or freeze-
thaw, all of which are critical in quantifying slaking
durability.

(4) Hardness-Strength.—Hardness can be re-
lated to rock strength as a qualitative indication of
unit weight or of resistance to breaking or crushing.
Strength is a necessary engineering parameter for
design that is frequently not assessed, but plays a
dominant role in engineering design and construc-
tion. Tunnel support requirements, bit wear for
drilling or TBM (tunnel boring machines) opera-
tions, allowable bearing pressures, and excavation
methods and support all depend on the rock
strength. The large differences in hardness are more
important than the subtle differences. The hard-
ness and strength of intact rock are usually func-
tions of the individual rock type, but may be
modified by weathering or alteration.

Table 5-4.—Durability index descriptors.

Descriptor Criteria

D10 Rock specimen remains intact with no
deleterious cracking after exposure

longer than 1 year

D11 Rock specimen develops hairline
cracking on surfaces within 1 month,
but no disaggregation within 1 year of
exposure

D12 Rock specimen develops hairline
cracking on surfaces within 1 week
and/or disaggregation within 1 month
of exposure

D13 Specimen may develop hairline cracks
in 1 day and displays pronounced sep-
aration of bedding and/or disaggre-
gation within 1 week of exposure

D14 Specimen displays pronounced crack-
ing and disaggregation within 1 day
(24 hours) of exposure; generally rav-
els and degrades to small fragments

Hardness and, especially, strength are difficult
characteristics to express with field tests. Never-
theless, there are two field tests that can he used;
one is a measure of the ability to scratch the surface
of a specimen with a knife, and the second is the
resistance to fracturing by a hammer blow. Both of
these tests should be used to determine the hard-
ness and strength descriptors shown on table 5-5.

(5) Discontinuities.—All discontinuities, such as
joints, fractures, shears, faults, and shear-fault
zones, and significant contacts should he described.
The descriptions should include all observable char-
acteristics, such as orientation, spacing, continuity,
openness, surface conditions, and fillings. Appro-
priate terminology, descriptive criteria, descriptors,
and examples pertaining to discontinuities are pre-
sented in chapter 1I-5 of the Bureau of Reclama-
tion’s Engineering Geology Manual [6].

(6) Contacts.—Contacls between various rock
units or rock-soil units must be described. In ad-
dition to their geologic classification, their engi-
neering characteristics, such as their planarity or
irregularity, should be described.

The descriptors that apply to the geologic clas-
sification of contacts are:

¢ Conformable
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¢ Unconformable

» Welded (contact between two lithologic units,
one of which is igneous, that has not been dis-
rupted tectonically)

» Concordant {intrusive rocks)

» Discordant (intrusive rocks)

Descriptors pertinent to the engineering classi-

fication of contacts are:

+ Jointed (contact not welded, cemented, or
healed—a fracture)

 Intact

» Healed (by secondary process)

» Sharp

» Gradational

» Sheared

¢ Altered (baked or mineralized)

+ Solutioned

(7) Permeability Data.—Hydraulic conductivity
is an important physical characteristic that should
be described. Suggested methods for testing, ter-
minology, and descriptors are available in the Bu-
reau’s Earth Manual [7] and Ground Water Manual
[8]. Numerical values for K (hydraulic conductivity)
can be determined using any of several computer
programs. These values may be shown on drill hole
logs.

F. SURFACE EXPLORATIONS

5.24. General.—A relationship between topo-
graphic features or landforms and the character-
istics of the subsurface soils has been shown
repeatedly. Thus, the ability to recognize terrain
features on maps, on aerial photographs, and during
reconnaissance, combined with an elementary un-
derstanding of geologic processes, can be of great
assistance in locating sources of construction ma-
terials and in making a general appraisal of foun-
dation conditions.

The mechanisms that develop soil deposits are
water, ice, and wind action for transported soils;
and the mechanical-chemical action of weathering
for residual soils. For the transported soils, each
type of action tends to produce a group of typical
landforms, modified to some extent by the nature
of the parent rock and climatic conditions. Soils
found in similar locations within similar landforms
usually have similar physical properties. The en-
gineering geologist and engineer responsible for
foundation and construction materials investiga-
tions for small dams should become familiar with
landforms and with the associated soils. Such
knowledge is of great assistance during the ap-
praisal stage of investigations and may be useful in
determining the extent of investigations for feasi-
bility and design investigations.

5.25. Fluvial-Lacustrine Soils.—(a) Definition.

Soils whose properties are predominantly af-
fected by the action of water are designated fluvial
soils when associated with running water, such as
streams and rivers, and lacustrine soils when de-
posited in still water, such as lakes and reservoirs.
Frequently, there is considerable sorting action, so

that a deposit is likely to be stratified or lenticular.
Individual strata may be thin or thick, but the ma-
terial in each stratum will generally have a small
range of grain sizes. The three principal types of
fluvial-lacustrine soils, reflecting the water velocity
during deposition, are identified as outwash depos-
its, flood plain deposits, and lacustrine deposits.
These soils are discussed in the following
subsections.

(b) Outwash Deposits.—The typical landforms
of this type are alluvial cones and alluvial fans.
They vary in size and character from small, steeply
sloping deposits of coarse rock fragments to gently
sloping plains of fine-grained alluvium, very exten-
sive in area. The deposition results from the abrupt
flattening of the stream gradient that occurs at the
juncture of mountainous terrain and adjacent val-
leys or plains. Figure 5-28 includes an aerial pho-
tograph and a topographic map of an alluvial fan.
The coarser material is deposited first and, there-
fore, is found on the steeper slopes at the head of
the fan; whereas, the finer material is carried to the
outer edges. In arid climates where mechanical
rather than chemical weathering predominates, the
cones and fans are composed largely of rock frag-
ments, gravel, sand, and silt. In humid climates
where the landforms have less steep slopes and
chemical weathering has a greater influence, the
material contains much more sand, silt, and clay.

Sand and gravel from these deposits are generally
subrounded to subangular in shape, reflecting
movement over relatively short distances, and the
deposits have only poorly developed stratification.
The outwash deposits are likely sources of sand and
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Table 5-5.—Rock hardness and strength descriptors.

Descriptor Hardness Criteria

H1 Extremely Core, fragment, or outcrop
hard cannot be scratched with
knife or sharp pick; can
only be chipped with re-
peated heavy hammer
blows

H2 Very hard Cannot be scratched with
knife or sharp pick; core or
fragment breaks with re-
peated heavy hammer

blows

Can be scratched with
knife or sharp pick with
difficulty (heavy pres-
sure); heavy hammer blow
required to break
specimen

H4 Moderately Can be scratched with
hard knife or sharp pick with
light or moderate pres-
sure; core or fragment
breaks with moderate
hammer blow

H3 Hard

H5 Moderately Can be grooved 14s inch
soft deep by knife or sharp
pick with moderate or
heavy pressure; core or
fragment breaks with light
hammer blow or heavy
manual pressure

Hé Soft Can be grooved or gouged
easily by knife or sharp
pick with light pressure;
can be scratched with fin-
gernail; breaks with light
to moderate manual

pressure

H7 Very soft Can be readily indented,
grooved, or gouged with
fingernail, or carved with
a knife; breaks with light

manual pressure

Any bedrock softer than H7 (very soft) is to be
described using Bureau of Reclamation Standard
5000 Series consistency descriptors.

Note: Although sharp pick is included in these criteria, descrip-
tions of ability to be scratched, grooved, or gouged by a knife is
preferred.

gravel for pervious and semipervious embankment
materials and for concrete aggregate. The presence
of boulders is likely to limit their usefulness for
some types of fill materials. The soils are typically
skip-graded, resulting in a GP or SP classification.
Because this type of deposit is consolidated only by
its own weight, settlement should be anticipated
when it is used as a foundation for a structure. Nor-
mally, outwash deposits are too pervious and do not
provide satisfactory abutments for dams. If it is nec-
essary to locate a dam near such a deposit, the dam
should be placed along the upstream edge of the
fan.

(¢) Flood Plain Deposits.—Flood plain deposits
are generally finer, better stratified, and better
sorted than outwash deposits. The degree of vari-
ation caused by the water depends largely on the
volume of water and on the gradient of the stream.
The surface of these stream deposits is nearly flat.
The nature of the materials in the deposit can be
deduced from the characteristics of the stream.
Braided streams usually indicate the presence of
silt, sand, and gravel; whereas, meandering streams
in broad valleys are commonly associated with fine-
grained soils (silts and clays).

Flood plain deposits of sand and gravel are com-
mon sources of concrete aggregate and pervious
zone materials for dam embankments. The soils in
the various strata of river deposits may range from
pervious to impervious; therefore, the permeability
of the resulting material sometimes can be influ-
enced appreciably by the depth of cut. A high water
table is a major obstacle in the use of these deposits,
especially as a source of impervious material. Fur-
thermore, the removal of materials from the res-
ervoir floor just upstream from a damsite may be
undesirable when a positive foundation cutoff is not
feasible. When considering borrowing from a river
deposit downstream from a dam, it should be re-
membered that such operations may change the
tailwater characteristics of the stream channel, and
that the spillway and outlet works will have to be
designed for the modified channel conditions. If
tailwater conditions will be affected, borrow oper-
ations must produce a predetermined channel and
explorations for the design must accurately define
conditions within this channel.

Stream deposits vary in competency as founda-
tions for dams. Potential difficulties include high
water table, variation in soil properties, seepage,
consolidation and, possibly, low shear strengths.
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Although flood plain deposits are usually acceptable
as foundations for small dams, their depths and
characteristics must be investigated thoroughly
during explorations.

An important type of stream deposit is the ter-
race. It represents an earlier level of valley devel-
opment. Remnants of such deposits are recognized
by their flat tops and steep faces, usually persistent
over an extended reach of the valley. Examination
of the eroded faces facilitates classification and de-
scription of the deposits, and the extent of the
drainage network developed on the terrace helps
determine the relative permeability. Free-draining
material has almost no lateral erosion channels;
whereas, impervious clays are finely gullied lat-
erally. Terraces are found along streams throughout
the United States and are prevalent in the glaciated
regions of the Northern States. Sands and gravels
from terrace deposits usually occur in layers and
are generally well-graded. They provide excellent
sources of construction materials. Figure 5-29 in-
cludes an aerial photograph and a topographic map
showing river alluvium and terrace deposits.

(d) Lacustrine Deposits.—Lake sediments, or la-
custrine deposits, are the result of sedimentation in
still water. Except near the edges of the deposits
where alluvial influences are important, the ma-
terials are very likely to be fine-grained silt and clay.
The stratification is frequently so fine that the ma-
terials appear to be massive in structure. Lacustrine
deposits are recognizable by their flat surfaces sur-
rounded by high ground. The materials they contain
are likely to be impervious, compressible, and low
in shear strength. Their principal use is for imper-
vious cores of earthfill dams. Moisture control in
these soils is usually a problem because their water
content is difficult to change. Lake sediments usu-
ally provide poor foundations for structures. Their
use as foundations for dams is beyond the scope of
this text, and should not be attempted without spe-
cial field and laboratory testing and thorough study.

5.26. Glacial Deposits.—(a) General.—Ad-
vances and retreats of the great North American
continental ice sheets during glacial times created
recognizable landforms. These landforms are im-
portant sources of construction materials and may
be encountered in dam foundations. Smaller scale
glacial landforms are found in high mountain val-
leys of the Rocky Mountains and the Sierra Nevada
(in some instances the glaciers still exist). Glacial
deposits are generally heterogeneous and are there-

fore difficult to explore. They contain a wide range
of particle sizes, from clay or silt up to boulders,
and the particle shapes of the coarse grains are typ-
ically subrounded or subangular, sometimes with
flat faces.

(b) Glacial Till. —Glacial till is deposited directly
from the ice with little or no transportation by
water. It consists of a heterogeneous mixture of
boulders, cobbles, gravel, and sand in an impervious
matrix of generally nonplastic fines. Gradation,
type of rock minerals, and degree of weathering
found in till vary considerably, depending on the
type of rocks in the path of the ice and the degree
of leaching and chemical weathering. Glacial tills
usually produce impervious materials with satis-
factory shear strength; however, the oversized ma-
terials must be removed for the soil to be compacted
satisfactorily. Fairly high inplace unit weight makes
morainal deposits satisfactory for foundations of
small dams.

Typical landforms containing glacial till are
ground moraines, which have flat to slightly un-
dulating poorly drained surfaces; end (or terminal)
moraines, ridges at right angles to the direction of
ice movement, and often curve so that the center
is farther downstream than the ends; and lateral
and medial moraines, which occur as ridges parallel
to the direction of ice movement. Low, cigar-shaped
hills occurring on a ground moraine, with their long
axis paralle] to the direction of ice movement, are
called drumlins. They commonly contain unstra-
tified fine-grained soils. Figure 5-30 includes an aer-
ial photograph and -topographic map showing a
typical terminal moraine.

(¢) Glacial Outwash.—Deposits from the glacial
outwash (melt water) consist of several types. Gla-
cial outwash plains of continental glaciation and
their alpine glaciation counterparts, the valley
trains, commonly contain poorly stratified silt,
sand, and gravel similar to the alluvial fans of out-
wash deposits, which they resemble in mode of for-
mation. Eskers are prominent winding ridges of
sand and gravel that are the remnants of the ‘beds
of glacial streams that flowed under the ice. Eskers
generally run parallel to the direction of ice move-
ment, have an irregular crestline, are characterized
by steep flanks (about 30°), and are 20 to 100 feet
high. Eskers usually contain clean sand and gravel,
with some boulders and silty strata that are irreg-
ular and exhibit fair to poor stratification. Eskers
are excellent sources of pervious materials and
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Figure 5-29.—Aerial view and topography of stream deposit showing river alluvium and three
levels of gravel terraces. (Photograph by USGS). PX-D-16259.
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Figure 5-30.—Aerial view and topography of terminal moraine of continental glaciation.
(Photograph by U.S. Commodity Stabilization Service). PX-D-16260.
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concrete aggregate. Kames are low, dome-shaped
partially stratified deposits of silt, sand, and gravel
formed by hidden glacial streams. They are round
to elliptical in plan, and the long axes are generally
at right angles to the direction of ice movement.
Their slopes, contents, and uses are similar to those
of eskers. Glacial lake deposits, formed in tempo-
rary lakes, are generally similar in character and in
engineering uses to fluvial-lacustrine deposits.
However, they are normally more coarsely stratified
(varyed) than the recent lake deposits, and they
may contain fine sand.

5.27. Aeolian Deposits.—Soils deposited by
the wind are known as Aeolian deposits. The two
principal classes that are readily identifiable are
dunes and loess. Dune deposits are recognizable as
low elongated or crescent-shaped hills, with a flat
slope windward and a steep slope leeward of the
prevailing winds. Usually, these deposits have very
little vegetative cover. The material is very rich in
quartz, and its characteristics include limited range
of grain size, usually in the fine or medium range
sand; no cohesive strength; moderately high perme-
ability; and moderate compressibility. They gen-
erally fall in the SP or SM group of the USCS.

Loess (windblown) deposits cover extensive
areas in the plains regions of the temperate zone.
They have a remarkable ability for standing in ver-
tical walls. Figure 5-31 shows typical loessial to-
pography by map and aerial photograph. Loess
consists mainly of angular particles of silt or fine
sand, with a small amount of clay that binds the
soil grains together. In its natural state, true loess
has a characteristic structure formed by remnants
of small vertical root holes that makes it moderately
pervious in the vertical direction. Although they
have low unit weight, naturally dry loessial soils
have a fairly high strength because of the clay
binder. This strength, however, may be lost readily
upon wetting, and the structure may collapse. When
remolded, loess soils are impervious and moderately

compressible and have low cohesive strength. They
usually fall in the ML group or in the boundary
ML-CL group of the USCS. Figure 5-32 shows a
90-foot, almost vertical, cut in loess.

Aeolian deposits are normally unacceptable as
foundations for dams, and such deposits should be
avoided if it is practicable to do so. However, they
can be used when properly explored and evaluated.
Information on the inplace unit weight of Aeolian
soils is a critical criterion in evaluating their use-
fulness for foundations of structures.

5.28. Residual Soils.—As weathering action on
rock progresses, the material decomposes to a point
where it assumes all the characteristics of soil. It
is difficult to clearly define the dividing line be-
tween rock and residual soil, but for engineering
purposes a material is usually considered soil if it
can be removed by common excavating methods.

A differentiating feature of many residual soils
is that their individual grains are angular but soft.
Handling residual soils during construction reduces
their grain size appreciably, which makes predicting
their performance by laboratory tests difficult. Ap-
preciable settlement and change of material char-
acteristics after handling are also detrimental
factors. As a consequence, residual soils should be
avoided if other types can be readily secured.

It is difficult to recognize and appraise residual
soils on the basis of topographic forms. Their oc-
currence is quite general wherever none of the other
types of deposits, with their characteristic shapes,
are recognizable and where the material is not
clearly bedrock. Talus (fig. 5-3) and landslides are
easily recognizable forms of residual soils. Because
the type of parent rock has a very pronounced in-
fluence on the character of the residual soil, the
rock type should always be determined in assem-
bling data for the appraisal of a residual deposit.
Residual soils can usually provide satisfactory foun-
dations for very small structures if the parent rock
is satisfactory.
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Figure 5-31.—Aerial view and topography of loess. Identified by smooth silt ridges; usually
parallel, right-angle drainage patterns; and steep-sided, flat-bottomed gullies and
streams. (Photograph by U.S. Commodity Stabilization Service). PX-D-16263.
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Figure 5-32.—A 90-foot nearly vertical cut in a loess formation in Nebraska. GE-144-11.

G. GEOPHYSICAL EXPLORATION METHODS

5.29. General.—Geophysical surveys have
been used for civil engineering investigations since
the late 1920’s, when seismic and electrical resis-
tivity surveys were used for dam siting studies. A seis-
mic survey was performed in the 1950’s in St. Pe-
ter’s Basilica to locate buried catacombs before a
renovation project. With the advent of the nuclear
power industry, detailed siting investigations have
been necessary. Part of these investigations have
been performed by geophysical studies. The initial
geophysical surveys performed for nuclear power-
plant sites attracted the attention of the civil en-
gineering community and the Nuclear Regulatory
Commission, to the extent that geophysical surveys
are now required by law for these types of inves-
tigations.

A direct outgrowth of such uses has been the

wider acceptance of geophysical surveys by the civil
engineering community. Geophysical surveys are
now used in an almost routine manner to comple-
ment engineering geology investigations and to pro-
vide information on site parameters (e.g., in place
dynamic properties, cathodic protection values,
depth to bedrock) that in some instances are not
obtainable by other methods. Nevertheless, where
some site parameters are obtainable by other means
(e.g., laboratory testing), the values derived from
geophysical surveys are still useful for checking.
Figure 5-33 presents an idea of the importance of
different geophysical methods used in civil
engineering.

All geophysical techniques are based on the de-
tection of contrasts in different physical properties
of materials. If such contrasts do not exist, geo-
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physical methods will not function. These contrasts
range from those in the acoustic velocities to con-
trasts in the electrical properties of materials. Se-
ismic methods, both reflection and refraction,
depend on the contrast in the compressional or
shear-wave velocities of different materials. Elec-
trical methods depend on contrasts in electrical re-
sistivities. Contrasts in the unit weights of different
materials permit gravity surveys to be used in cer-
tain types of investigations. Contrast in magnetic
susceptibilities of materials permit magnetic sur-
veying to be used in other investigations. Finally,
contrasts in the magnitude of the naturally existing
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Figure 5-33.—Importance of geophysical methods in civil
engineering. (For 100 projects).

electric current within the earth can be detected by
SP (self-potential) surveys.

Based on the detection and measurement of
these contrasts, geophysical surveys can be de-
signed to assist engineering geologists and engi-
neers involved in geotechnical investigations.
Seismic refraction surveys are used to determine
depths to bedrock and to provide information on
the compressional and shear-wave velocities of the
surficial deposits overlying bedrock. This velocity
information can also be used to calculate the inplace
dynamic properties of these units. Electrical resis-
tivity surveys can also be used to determine the
depth to bedrock (should an acoustic velocity con-
trast not exist) and the electrical properties of the
bedrock and the surficial deposits. However, resis-
tivity surveys do not provide information on the
dynamic properties of these units. Resistivity sur-
veys have proven useful in delineating areas of con-
tamination within soils and rock, and in delineating
aquifers. Gravity and magnetic surveys are not used
as often as seismic and resistivity surveys in geo-
technical investigations, but these surveys have
been used to locate buried utilities (magnetics) and
to determine the success of grouting programs
(gravity). Self-potential surveys have been used to
map leakage from dams and reservoirs.

Geophysical surveys can be used in a number of
geotechnical investigations. With a basic under-
standing of the geophysical methods available and
of the engineering problems to be solved, useful geo-
physical programs can be designed for geotechnical
investigations.

Geophysical surveys provide indirect informa-
tion to determine characteristics of subsurface ma-
terials. In this sense, it is important that the results
of geophysical surveys be integrated with the results
of direct observations and investigations. Only then
can correct interpretation of the geophysical sur-
veys be made. Each type of geophysical survey has
its capabilities and its limitations (a discussion of
which is included in the following sections). Per-
haps the biggest limitation is the use of personnel
unfamiliar with geophysical methods to plan, per-
form, and interpret the results of geophysical sur-
veys. In some cases, this limitation can be overcome,
and in some cases, nonskilled personnel can per-
form the surveys in the field.

5.30. Surface Geophysical Techniques.—A
brief description of available types of geophysical
techniques is presented in the following paragraphs.
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Each description includes the applications and
equipment required for each type of survey.

(a) Seismic Refraction Surveys.—Seismic refrac-
tion surveys are performed to determine the com-
pressional-wave velocities of materials from the
ground surface down to a specified depth. For most
engineering surveys, the maximum depth of inves-
tigation is specified by the nature of the project. In
many cases, the objective of a seismic refraction
survey is to determine the configuration of the bed-
rock surface and the compressional-wave velocities
in the surficial deposits. Bedrock may be defined in
terms of compressional-wave velocity. The infor-
mation obtained from a seismic refraction survey
can be used to compute the depths to various sub-
surface layers and the configurations of those lay-
ers. The thickness of the layers and the velocity
contrasts between the layers govern the effective-
ness of a seismic refraction survey. These param-
eters also govern the accuracy of the resulting data.
Seismic refraction surveys will not define all com-
pressional-wave velocities or all subsurface layers.

(1) Applications.—Seismic refraction surveys
have been used in many types of exploration pro-
grams and geotechnical investigations. Seismic re-
fraction surveys are routinely used in foundation
studies for construction projects and in siting stud-
ies, fault investigations, dam safety analyses, tunnel
alignment studies, and rippability studies.

(2) Equipment.—The basic equipment used for
seismic refraction work consists of a seismic am-
plifier, a recorder (oscillograph or an oscilloscope)
and a transducer (geophone). Depending on the
scope of work, a single channel (one geophone) to
a multichannel system may be required.

Most equipment manufactured since 1972 uses
signal-enhancement electronics. This technique
allows the stacking of repeatable energy from the
seismic energy source to eliminate the unwant-
ed affects of ambient noise. For most types of
engineering investigation, 1- to 24-channel equip-
ment is sufficient. For large-scale operations
requiring greater depths of investigation, systems
of 48 to 1,024 channels can be used. The larger
channel systems require more personnel for field
operations and are not as portable for field
operations.

Small geophones are used to detect the seismic
energy. These geophones are available in many dif-
ferent frequencies, and the frequency selected for a
particular survey will depend on the objectives of

that survey. The normal geophone frequency used
in most seismic refraction work is 14 hertz (c/s).
The geophones are connected to the seismic am-
plifier by means of a land cable. For multichannel
systems, the geophones are normally connected to
one cable at different connecting points, called
(takeouts), which can be built into the cable at dif-
ferent intervals, depending on the spacing required.
In normal practice, the takeout spacing is specified
to the manufacturer when ordering the cable, and
the spacing is usually constant throughout the ca-
ble. For an engineering-type seismic refraction sur-
vey, no more than 12 to 24 geophones are normally
used per cable.

Other equipment used for seismic refraction sur-
veying may include a blasting machine to detonate
explosives, a magnetic tape recorder to record the
seismic data for computer processing, two-way ra-
dios, surveying equipment to provide topographic
control along the geophone alignment, and miscel-
laneous reels for the geophone and blasting cables.

(b) Seismic Reflection Surveys.—Seismic reflec-
tion surveys provide information on the geological
structure within the earth. They do not provide as
accurate information on compressional-wave
velocities as seismic refraction surveys. Seismic re-
flection surveys have been used for engineering in-
vestigations. The information obtained from
seismic reflection surveys can be used to define the
geometry of subsurface layers and, thereby, provide
information on faulting.

(1) Applications.—High-resolution seismic re-
flection surveys have been used in a large number
of engineering investigations to provide definitive
information on the locations and types of faults and
the locations of buried channels. In some cases
where it is not practical to use seismic refraction
surveys, seismic reflection surveys have been used.

Shallow, high-resolution seismic reflection sur-
veys are playing an increasingly important role in
engineering investigations. Much of the necessary
equipment is portable, and with the advent of small
computers, data processing routines can be easily
handled. When used correctly, seismic reflection
surveys can provide certain data that seismic re-
fraction surveys cannot, i.e., velocity reversal in-
formation. However, compressional-wave velocity
information derived from reflection surveys may
not be as accurate as that from refraction surveys.
The compressional-wave velocities needed for the
analysis of seismic reflection survey data can be
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obtained from computer analysis of the reflection
records themselves, from seismic refraction surveys,
uphole velocity surveys, and from sonic logs.

Seismic reflection surveys have been used since
the 1920’s for oil exploration. With the advent of
CDP (common depth point) shooting, computer
processing techniques and the digitization of the
field data, seismic reflection surveys now dominate
the exploration methods for oil. Seismic reflection
surveys are now being used in the geotechnical field,
providing high resolution data on subsurface lay-
ering, and geological structure. These surveys have
been used for siting studies for a number of large
structures, including nuclear powerplants, tunnel
routing studies, mine planning studies, and fault
studies.

(2) Equipment.—The basic equipment used for
seismic reflection surveys is very similar to that
used for seismic refraction surveys. In some cases,
the equipment may be identical. For civil engineer-
ing investigations and ground-water studies, small
portable equipment of up to 24 channels may
suffice.

Almost all seismic reflection data are recorded
on magnetic tape, such that the field data can be
directly input into computer systems for direct proc-
essing. Tape transport systems may require air-
conditioning for stability when working in hot
areas. This is usually accomplished by mounting the
total equipment system in a camper-type housing
on a truck body. Smaller, portable reflection sys-
tems subjected to direct environmental contact
should be protected against direct sunlight, heat,
humidity, cold, and dust. With proper care, these
smaller systems will function as well as the larger,
truck-mounted, petroleum exploration systems.

The same type of geophones are used in reflec-
tion surveying as in refraction surveying. Based on
the design of the seismic reflection spread, a group
of geophones may be used at a single station to filter
out unwanted noise and waves. The output of this
group of geophones is summed and used as a single
geophone. As an example, a land cable with 12 take-
outs may be used to record the responses of 12
groups of geophones, each of which contains 6
geophones.

Land cables used in large-scale reflection oper-
ations may differ from those used in small-scale
reflection or refraction operations. Whereas stan-
dard land cables normally contain 12 takeouts, spe-
cial reflection cables (data cables) may only contain

2 or 3 takeouts. A series of these data cables can
be connected to each other through special junction
plugs. In addition to transmitting the geophone
data to the amplifiers, the positions of the geo-
phones on these cables can be changed by use of a
roll-along switch. The use of this switch allows the
instrument operator to record a large number of
channels (geophones) and automatically advance
the geophone positions along the cables in prepa-
ration for the next recording. This, of course, as-
sumes that a sufficient number of geophones
{groups) have been laid out on the ground and con-
nected to the data cables.

Another piece of equipment used in seismic re-
flection surveying is a blasting machine to detonate
explosives or vibrators (small, portable, or truck-
mounted) to act as the energy source. The use of
vibrators requires a correlator to correlate the input
signal of the seismic source with the geophone re-
sponse. Most of the seismic energy sources are det-
onated or activated by a two-way radio system.

(c) Shear-Wave Surveys.—Shear waves travel
through a medium at a slower velocity than com-
pressional waves. Therefore, shear-wave arrivals
occur after compressional-wave arrivals on seis-
mograms, or they are recorded as secondary ar-
rivals. Other types of secondary arrivals are due to
reflections, combinations of reflections and refrac-
tions, and surface waves. To identify shear-wave ar-
rivals, special surveys (field techniques) are used.
These surveys are designed to suppress compres-
sional waves and unwanted secondary arrivals and
to enhance shear-wave arrivals.

(1) Applications.—In engineering investigations
shear-wave velocities are important because they
can provide information on the inplace dynamic
properties of a material. The relationship between
compressional-wave velocity, shear-wave velocity,
unit weight, and the inplace dynamic properties of
a material is shown on figure 5-34. The compres-
sional-wave velocity can be determined from re-
fraction surveys, the shear-wave velocity from
shear-wave surveys, and the unit weight from
borehole geophysics or laboratory testing.

Shear-wave surveys are also used for-exploration
surveys for both engineering and oil and gas inves-
tigations. Because shear waves are slower than com-
pressional waves, shear-wave surveys can
sometimes provide better resolution of subsurface
conditions than compressional-wave surveys (for
reflections).
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Figure 5-34.—Seismograph setup and readings.
103-D-1866.

(2) Equipment.—The equipment used in seismic
refraction and reflection surveying can also be used
in shear-wave refraction and reflection surveying.
However, horizontally oriented geophones are used
to record shear-wave arrivals. These geophones
have a lower natural frequency than those geo-
phones used in normal refraction-reflection
surveying.

(d) Surface Waves.—Surface-wave surveys are
designed to produce and record surface waves and
their characteristics. Surface waves, which travel
along the boundaries between different materials,
are the slowest seismic waves. Because there are
different types of surface waves, not only must the
waves be recorded, but their characteristics must
also be determined. Normally, surface waves are fil-
tered out of seismic data or ignored. The term
“ground roll” in the oil exploration industry de-
notes surface waves. Special care should be taken
in seismic reflection surveys to filter out surface
waves, otherwise they can interfere with desired
reflections.

Surface waves are created by the constructive
and destructive interference of refracted and re-
flected seismic waves. In addition to having the
slowest velocities, surface waves have the lowest fre-
quencies and the highest amplitudes of all seismic
waves.

Surface waves that travel along the boundaries
within a body are called Stonley waves. Other types
of surface waves are Rayleigh waves, hydrodynamic
waves, and Love waves. These surface waves and
their characteristic motions are shown on figure
5-35.

(1) Applications.—The principal application of
shear-wave surveying, for geotechnical investiga-
tions, is to determine the type and characteristics
of surface waves that can exist at a given site. This
information is useful for determining preferred site
frequencies; and for earthquake design analysis.

(2) Equipment.—The cables and amplifiers used
in normal refraction surveying can also be used in
surface-wave surveying. Normally, special geo-
phones are used, when available. These geophones
contain three components: vertical, horizontal
transverse, and horizontal radial (transverse and
radial signify the orientation of the geophone in
respect to the source of seismic energy). Surface-
wave geophones have lower frequencies (from 1 to
5 Hz) than normal refraction-reflection geophones.
If such geophones are not available, normal
refraction-reflection geophones may be used, but
special care must be taken. Vertical geophones can
be used as the vertical component, and horizontal
geophones (such as those used in shear-wave sur-
veying) can be used for both radial and transverse
components.

(e) Vibration Surveys.—Vibration surveys
measure the vibrational levels produced by me-
chanical or explosive sources. Once these levels are
determined, procedures can be designed to reduce
the possibility of vibrational damages.

(1) Applications.—Vibrational surveys have
been performed in conjunction with quarrying and
mining operations, during excavations, to measure
the effects of traffic on sensitive equipment, and to
measure the effects of aircraft (sonic vibrations) on
urban areas and on historic buildings.

Many manufacturing and research facilities con-
tain extremely sensitive equipment with specific vi-
bration tolerances. In the event of nearby
construction, vibration surveys can be useful in de-
termining the exact limits of allowable source vi-
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brations and in designing procedures to both reduce
the vibrational levels and maintain construction
progress. The same type of vibration survey can be
used in quarrying and in mining operations to re-
duce the vibrational levels and yet maintain rock
breakage and fragmentation.

(2) Fquipment.—Several firms manufacture
equipment designed specifically for vibration sur-
veys. Most of this equipment is similar, in that it
contains a special geophone, an amplifier, and a
paper recorder, and may have an optional magnetic
tape recorder and a sound meter. The geophones
are three-component, low frequency geophones,
similar to (or the same as) those used in surface-
wave surveys. Most equipment can record ground
motion in terms of particle displacement, velocity,
or acceleration. Some equipment only records on
magnetic tape, which then must be sent to the man-
ufacturer for interpretation.

(f) Electrical-Resistivity Profiling Surveys.—
Electrical-resistivity profiling is based on the meas-
urement of lateral changes in the electrical prop-
erties of subsurface materials. The electrical
resistivity of any material depends on its porosity
and the salinity of the water in the pore spaces.
Although the electrical resistivity of a material may
not be diagnostic of that material, certain materials
can be classified as having specific ranges of elec-
trical resistivities. In all electrical-resistivity sur-
veying techniques, an electrical current of known
intensity is transmitted into the ground through
two (or more) electrodes. The separation between
these electrodes depends on the type of surveying
being performed and the required depth of inves-
tigation. The potential voltage of the electrical field
resulting from the application of the current is
measured between two (or more) other electrodes
at various locations. Because the current is known,
and the potential can be measured, the apparent
resistivity can be calculated.

(1) Applications.—Electrical-resistivity profil-
ing is used to detect lateral changes in the electrical
properties of subsurface material, usually to a spec-
ified depth. This technique has been used to map
the lateral extent of sand and gravel deposits, to
provide information for cathodic protection of un-
derground utilities, to map the lateral extent of con-
tamination plumes (in toxic waste studies), and in
fault exploration studies.

(2) Equipment.—Most electrical-resistivity sur-
veying equipment consists of a current transmitter,
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Figure 5-35.—Types of surface waves. 103-D-1867.

a receiver (to measure the resulting potential), two
(or more) current electrodes and two (or more) po-
tential electrodes. Two types of current transmit-
ters are available for use: direct current and
alternating current transmitters. Direct-current
transmitters are powered by dry cell or ni-cad bat-
tery systems and are limited in their output; how-
ever, they are very portable for field work.
Alternating-current transmitters have a more pow-
erful output range and, therefore, can penetrate to
greater depths. However, they are not very portable,
because the power source requires a generator. Re-
cent innovations in transmitter design have in-
cluded the use of pulsing direct current to the
current electrodes. This system, in effect, acts as a
signal-enhancement source.

Most current and potential electrodes are me-
tallic, usually stainless or copper-clad steel. Where
natural earth currents, or electrochemical reactions
affect the potential electrodes, nonpolarizable elec-
trodes must be used to measure the potentials
resulting from the input of current. These non-
polarizable electrodes consist of a plastic or por-
celain container with an unglazed porous bottom.
The container is filled with a metallic salt solution
that is in contact with a rod of the same metal.
Copper sulfate salt in solution is commonly used
with a copper rod.
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The electrodes are connected to the transmitter
and receiver by cables, which are usually contained
on small portable reels.

(g) Electrical-Resistivity Soundings.—Electri-
cal-resistivity sounding is based on the measure-
ment of vertical changes in the electrical properties
of subsurface materials. In contrast to resistivity
profiling, in which the electrode separation is fixed,
the electrode spacing used for resistivity sounding
is variable, while the center point of the electrode
array remains constant. The depth of investigation
increases in a general sense as the electrode spacing
increases, thus resistivity soundings are used to in-
vestigate variations of resistivity with depth.

(1) Applications.—Electrical-resistivity sound-
ings, often referred to as VES (vertical electrical
soundings), are commonly used for aquifer and
aquaclude delineation in ground-water investiga-
tions. They have been used for bedrock delineation
studies, where there may not be enough contrast in
velocity to permit seismic surveying.

(2) Equipment.—The equipment used in resis-
tivity sounding is identical to the equipment used
in electrical-resistivity profiling. For shallow inves-
tigations a d-c (direct current) transmitter is nor-
mally sufficient; whereas, for deeper investigations
an a-c (alternating current) transmitter may be
required.

(h) Electrical-Resistivity, Dipole-Dipole Survey-
ing.—Dipole-dipole surveying refers to the elec-
trode array orientation, where the pair of potential

127

electrodes may have any position with respect to
the pair of current electrodes. When the current
and potential electrodes are positioned along the
same line, the array is referred to as an axial dipole
array (fig. 5-36). The current electrodes are sepa-
rated from the potential electrodes by an interval,
n, which is some multiple of the current and po-
tential electrode separation. Normally, the sepa-
ration of the current and potential electrodes will
be equal. Dipole-dipole arrays are used to determine
both the lateral and vertical changes in electrical
properties of the subsurface materials with one elec-
trode array.

(1) Applications.—The dipole-dipole array has
limited applications in engineering and ground-
water geophysics. This type of electrode array has
been used primarily in mineral and geothermal ex-
ploration. It has, however, been applied to studies
for the delineation of abandoned mines, mapping
of salt-fresh water interfaces, and mapping of bur-
ied stream channels.

(2) Equipment.—The equipment used in dipole-
dipole surveying is mostly identical to that used in
other types of resistivity surveying. However, be-
cause the current and potential electrodes are sep-
arated, it is preferable to have the transmitter and
receiver as individual units. Fewer cables are re-
quired than for other types of resistivity surveyings,
because the only cables needed are for the connec-
tions between the current electrodes and between
the potential electrodes. Because the distance sep-
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Figure 5-36.—Dipole-dipole resistivity array. 103-D-1868.
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arating the current and potential electrodes may be
large, dipole-dipole surveying normally requires
more transmitter power than either resistivity
soundings or profiling surveys, therefore, a gener-
ator may be required for the transmitter.

(i) Electromagnetic-Conductivity Profiling Sur-
veys.—EM (Electromagnetic) surveying uses time-
varying, low-frequency electromagnetic fields in-
duced into the earth. Basically, a transmitter, re-
ceiver, and buried conductqQr are coppled by
electrical circuitry through electromagnetic induc-
tion. The characteristics of electromagnetic-wave
propagation and attenuation at a site can permit
an interpretation of the electrical conductivities of
the subsurface materials. Because electrical con-
ductivity is the reciprocal of electrical resistivity,
electromagnetic surveys are also used to provide re-
sistivity information on subsurface materials. Elec-
tromagnetic-conductivity profiling surveys are
specifically used to determine lateral changes in the
conductivity of the subsurface materials.

(1) Applications.—EM surveys have also been
used recently in engineering and ground-water in-
vestigations. Furthermore, they have been used on
occasion to locate buried pipes and cables.

(2) Equipment.—The EM survey technique re-
quires sophisticated equipment, which includes a
transmitting coil that induces a current into the
ground. The receiving coil senses the magnetic field
generated by the induced current and the primary
field generated by the transmitter. Under certain
constraints, the ratio of the induced secondary field
to the primary field is linearly proportional to the
earth conductivity.

There are two types of systems: fixed-coil spacing
and variable-coil spacing. The coil spacing deter-
mines the effective depth of investigation. The
fixed-spacing equipment can be operated by a single
person, but because of the relatively small coil, its
spacing is only useful for shallow surveys. Other
equipment can be used at different spacings and,
therefore, can be used to investigate materials at
various depths. The depths, however, are limited to
a preselected range that is based on coil-tuning re-
strictions and other conditions that must be met to
maintain a linear relationship with the earth’s con-
ductivity field.

(j) Electromagnetic-Conductivity Sounding Sur-
veys.—The basic principles involved in EM survey-
ing have been discussed in the previous paragraphs.
Electromagnetic sounding surveys are used to de-

termine vertical changes in the conductivity of sur-
face materials.

(1) Applications.—Electromagnetic sounding
surveys have been applied to delineate areas of
permafrost, to locate gravel deposits, to map bed-
rock topography, and to provide general geologic
information. The EM sounding and profiling sur-
veys have also been applied to fault studies.

(2) Equipment.—The equipment used in EM
sounding surveys is the same as that used in EM
profiling surveys. For shallow investigations, less
sophisticated equipment is required than for deeper
investigations.

(k) Ground-Probing Radar.—Ground-probing
radar surveys have the same general characteristics
as seismic surveys. However, the depth of investi-
gation with radar is much more shallow than that
of a seismic survey. This disadvantage is partially
offset, however, by the much greater size-resolution
of radar techniques.

(1) Applications.—Ground-probing radar sur-
veys can be used for a variety of very shallow en-
gineering applications, including locating pipes or
other buried objects, high-resolution mapping of
near-surface geology, locating near-surface cavities,
and locating and determining the extent of piping
caused by sink-hole activity and leakage in dams.

These applications are limited, however, by the
very small depth of penetration usually possible
with the very high frequencies involved in radar.
Silts, clays, salts, saline water, the water table, and
any other conductive materials in the subsurface
will severely restrict or even prevent any further
penetration of the subsurface by the radar pulses.

(2) Equipment.—The equipment for ground-
probing radar is manufactured by only two or three
companies at this time, and only a few contractors
offer these services. Therefore, the present sources
for equipment and_contract services are limited.

The equipment itself consists of an antenna/re-
ceiver sled, a control/signal processor unit, a strip-
chart recorder, a power supply, and various acces-
sories, such as a tape recorder and special signal
analyzers. This equipment would normally be op-
erated from a vehicle, except for the antenna/re-
ceiver sled, which can be either towed behind the
vehicle or pulled by hand. A schematic diagram of
radar operations is shown on figure 5-37.

(1) Self-Potential Surveying.—SP (Self poten-
tial), also called spontaneous potential or natural
potential, is the natural electrical potential within
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the earth. This potential arises from a number of
causes, which can be broadly classified into two
groups (excluding manmade causes):

» Mineralization potentials, which are primarily
the results of chemical concentration cells
formed when conductive mineral deposits, such
as graphite or sulfide, are intersected by the
water table.

» Background potentials, which are primarily the
result of (1) two electrolytes of different con-
centration in contact with each other, (2) elec-
trolytes flowing through a capillary system or
porous media, (3) an electrolyte in contact with
asolid, and (4) electromagnetically induced tel-
luric currents.

Mineralization potentials are almost always neg-
ative and may have values up to several hundred
millivolts. Background potentials can be either pos-
itive or negative, and usually have values of less
than 100 millivolts.

The background potentials developed by electro-
lytes flowing through a capillary system or porous
media (called electro-filtration or streaming poten-
tials) are used for the study of seepage. As water
flows through a capillary system, it collects and
transports positive ions from the surrounding ma-
terials. These positive ions accumulate at the exit
point of the capillary, leaving a net positive charge.
The untransported negative ions accumulate at the
entry point of the capillary, leaving a net negative
charge. If the streaming potentials developed by
this process are large enough to measure, the entry
point and the exit point of concentrated seepage
zones may be determined from their respective neg-
ative and positive self-potential anomalies.

(1) Applications.—In engineering applications,
self-potential surveys have been used to map leak-
age paths from dams, both in the reservoir area and
along the crest, toe, and abutments. Self-potential
surveying has also been used to map leaks from
canals and from buried pipelines. Detachment walls
and lateral limits of some landslide masses have
been mapped with self-potential surveys. Self-
potential surveying may play an important role in
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Figure 5-37.—Schematic diagram of ground-penetrating
radar. 103-D-1869.

contaminated waste studies (contaminant-plume
mapping) and in monitoring leakage from hazard-
ous waste sites and dams.

(2) Equipment.—The basic piece of equipment
required for self-potential surveying is a voltmeter.
Analog voltmeters can be used, but because very
small potentials are being sought, a digital volt-
meter or multimeter is preferable. Self potentials
are detected by the use of two nonpolarizable elec-
trodes embedded in soil or water. Nonpolarizable
electrodes are used to preclude the development of
electrode potentials, which can be larger than the
self potentials sought. The two nonpolarizable elec-
trodes are connected to the voltmeter (multimeter)
by a single-conductor, jacketed cable. Theoretically
this cable may be any length, however, because cable
resistance must be taken into account, the length
of cable used normally varies from 1,000 to 2,000
feet.

H. SUBSURFACE EXPLORATORY METHODS

5.31. Accessible Exploratory Methods.—Ac-
cessible test pits, large diameter borings, trenches,
and tunnel drifts are exploration methods that can

provide the most accurate and complete informa-
tion possible for subsurface material investigations.
These methods are recommended for foundation
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explorations in lieu of sole reliance on information
obtained from exploratory drilling methods. They
are subject to economic considerations, structural
design and safety considerations, and the complex-
ity of the subsurface geologic structure.

(a) Test Pits.—Test pits are used to provide per-
sonnel access for visual examination, logging, sam-
pling, and testing of earth foundations and
construction materials. They are most commonly
used to facilitate sampling and making quantitative
computations of potential sources for concrete ag-
gregates, or for performing inplace soil tests. The
most economical method of excavating a test pit is
by backhoe or bulldozer. The depth by either
method is generally limited to a maximum of 20
feet or to the water table. Dozers and backhoes are
often used together to exceed 20 feet when the water
table is sufficiently deep. By excavating test pits
with a backhoe in the bottom of dozer trenches,
depths of 30 feet or more can be reached. All open
test pit excavations should be sloped to the angle
of repose from the bottom of the pit, but never less
than a slope of 0.75:1, in accordance with require-
ments in the USBR Construction Safety Standards
[2].

(b) Large-Diameter Borings.—Caisson auger
rigs using large-diameter discs or buckets can be
used when accessible explorations are required to
be deeper than 20 feet. Depths of over 100 feet have
been achieved using this method. Wall support must
be provided to the total depth. Typical wall support
for large-diameter borings may consist of welded
steel casing installed after the boring is completed
or preformed steel liner plate segments bolted to-
gether as the boring progresses. Personnel access
within a drilled caison hole may be provided by the
use of an elevator platform rigging with power from
a crane hoist, or by notched safety rail ladder using
an approved grab-ring safety belt. Work may be
performed at any depth of the drilled caison boring
through the use of steel platform decking attached
to the steel wall support, from a steel scaffolding,
or from an elevator platform.

Access for material logging or sample collection
behind a steel-encased caisson hole may be accom-
plished by the use of acetylene torches to cut and
remove randomly spaced access openings around
the casing circumference or by the removal of bolted
liner plate segments to expose the material. Suffi-
cient ventilation must be maintained at all times
for personnel working within a drilled test pit; radio

communication to surface personnel should also be
maintained. Water within a drilled excavation may
be removed by an electric or air-powered pump with
a discharge conduit to the surface. Dewatering may
have to be by stage pumping, using several holding
reservoirs and additional pumps as required to lift
the water from the test pit to the surface.

Both surface excavated test pits and drilled ex-
plorations are excellent exploration methods to
achieve an accurate classification of the subsurface
material, expose natural fissures or fault zones, ob-
tain undisturbed hand-cut samples, and conduct in-
place soil or rock tests.

For safety, all surface excavated test pits left
open for inspection should be enclosed within pro-
tective fencing and drilled explorations should be
provided with locked protective covers and
barricades.

(¢) Trenches.—Test trenches are used to provide
access for visual examination of a continuous ex-
posure of the subsurface material along a given line
or section. In general, they serve the same purpose
as the open test pits (logging, mapping, sampling,
inplace testing, etc.), but have the added advantage
of disclosing the continuity or character of partic-
ular strata. Test trenching is commonly used for
seismotectonic studies of material displacement
through a natural fault zone. For these studies, the
trench is usually excavated perpendicular to the
fault line to reveal the vertical displacement of ma-
terial on both sides of the fault (see fig. 5-38).

Trenches are best suited for shallow exploration.
They should usually be at least 3 feet wide and not
more than 15 feet deep. Trench jacks, breast boards,
or interwoven wire fabric must be installed in all
trenches excavated over 5 feet deep. The maximum
open interval between any breast board or jack
should not exceed 3 feet on center.

Trenches excavated normal to moderately steep
slopes have been used successfully in explorations
requiring a greater depth than the 15-foot safety
limitation. The slope of the natural terrain enables
personnel access to greater depths while maintain-
ing the excavated depth at 15 feet. A slope trench
may be excavated by a bulldozer, ditching machine,
or backhoe from the top to the bottom of the slope
to expose representative undisturbed strata or to
expose natural fault zones. The profile exposed by
test trenches may represent the entire depth of sig-
nificant strata in an abutment of a dam; however,
their shallow depth may limit exploration to the
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Figure 5-38.—Trench excavation showing hydraulic trench jack shoring. Trench 1, Pyramid Lake, Nevada (October

1983). P801-D-81042.

upper weathered zone of foundations. The exposed
banks of a river channel or road cuts can provide
much information for the subsurface exploration
program. Exposed and weathered surface material
may be removed by hand methods, with the use of
a slope grading machine equipped with boom ex-
tension and bucket, or with a dragline.

(d) Tunnels.—Tunnels and drifts are considered
to be the best but most expensive method of ex-
ploring foundation or abutment rock formations for
structural design studies. Exploratory tunnels and
drifts are generally excavated in a horseshoe shape
approximately 5 feet wide by 7 feet high. Rock bolts,
steel sets, and lagging should follow excavation of
the tunnel heading as close as practicable through
unstable or blocky rock structure.

Controlled blasting techniques with timed delays
should be used to minimize rock fracture beyond

the tunnel or drift alignment. A typical controlled
explosive blast would involve pulling the center
wedge from the heading face instantly, followed by
the explosion of time delay charges placed in the
following order: invert, ribs, and crown. All tunnel
construction safety practices must be throughly ad-
hered to including washing down the tunnel or drift
face and muck pile, checking for and detonating
misfires, extending air ventilation duct lines, bar-
ring loose rock, rock bolting, etc.

Logging and mapping operations should proceed
concurrently with excavation operations. Locations
for underground core-drill operations or rock me-
chanics inplace testing should be selected during
the tunnel progression so that sections of the tunnel
or drift can be enlarged if necessary to accommo-
date drills or test equipment. Setup of core drills
or testing equipment should be scheduled to follow
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the completion of tunneling activities because of the
limited available work area.

5.32. Nonaccessible Exploratory Methods.—
Cone penetrometer, standard penetration, auger
drilling, rotary drilling, and core drilling are the
usual nonaccessable exploratory methods. Of these
methods, auger drilling, rotary drilling, and core
drilling are the most common methods used for sub-
surface explorations. However, it must be empha-
sized that sole reliance on drilling operations to
provide accurate and reliable geologic interpreta-
tions of a complex geologic structure is a gamble
that may prove to be extremely costly. The com-
plexity of the geologic structure should be deter-
mined before hand. Sometimes, the complexity of
the subsurface structure can be determined from
the drilling of the first two holes, which are located
relatively close to each other (50 to 100 ft) along a
floodplain or structure axis alignment. If there is a
drastic change in the classification, composition, or
structure of the material recovered from sampling
or coring operations, and correlation of the mate-
rials cannot be projected between the two holes, a
decision on the type of exploration method to be
used for the rest of the program should be made.

Economics and depth requirements are the prin-
cipal reasons for performing extensive drilling pro-
grams in lieu of constructing accessible trenches or
tunnels into a complex geologic structure. If drilling
is considered the only feasible method of conducting
subsurface explorations, the following considera-
tions should be given priority in the plan for the
rest of the exploration program:

(1) All relevant geologic information should be
assembled and used for the selection of stra-
tegic drilling locations so that an optimum
amount of subsurface information can be ob-
tained from a minimum number of drilling
locations.

(2) The type of exploration drilling, inplace test-
ing, sampling, or coring necessary to produce
pertinent and valid information should be
decided upon.

(3) The type of drilling rig that is capable of
accomplishing the exploration requirements
should be determined.

(4) Complete and concise drilling contract spec-
ifications should be developed, if the work
cannot be accomplished in-house. The con-
tract award should be based equally upon the
contractor’s previously demonstrated profes-

sional skills to successfully achieve similar
exploration drilling requirements and the
contract bid price.

Although drilling may be accomplished to some
degree of success using manual methods (hand au-
gers, tripod assemblies, and hand-crank hoist sys-
tems), many factors (equipment technology,
economics, depth requirements, type of sample
needs, and the need for accurate subsurface infor-
mation) have made manual exploration methods
obsolete. The following paragraphs identify the var-
ious types of mechanical power-driven drilling
equipment available and define the most efficient
use and equipment capability of each type of drilling
unit.

(a) Cone-Penetrometer Testing.—A method of
exploration that is gaining widespread use in the
United States is the cone-penetrometer test (some-
times referred to as the “Dutch Cone Test”). The
cone penetrometer consists of a tip and sleeve as-
sembly that is pushed into the ground at a con-
trolled rate. Soil resistance acting on the tip and
sleeve are monitored on the surface either mechan-
ically or electrically. If monitored electrically, other
parameters such as inclination, and pore-water
pressure can also be measured. The device can be
operated off a conventional drill rig or can he self-
contained on a truck. From the test data, estimates
can be made of soil type, inplace unit weight, shear
strength, and compressibility. The test is relatively
quick to conduct, and although a soil sample is not
obtained, when used with conventional drilling and
sampling techniques, soil types and profiles in foun-
dations and borrow areas can be rapidly delineated.
A mechanical cone-penetrometer apparatus is
shown on figure 5-39.

A self-contained, truck-mounted electrical cone-
penetration appdratus is shown on figure 5-40. An
example of output data from an electrical cone pe-
netrometer is shown on figure 5-41. A more detailed
description of the cone penetrometer test is given
in USBR 7020 and 7021, Performing Cone Pene-
tration Testing of Soils—Mechanical and Electrical
Methods, in the Bureau’s Earth Manual [7].

(b) Standard Penetration Testing.—This is a
standardized procedure for taking subsurface soil
samples with a split-barrel penetration sampler,
and at the same time, measuring the inplace
strength, firmness, and denseness of the founda-
tion. The split-barrel penetration sampler is a
thick-walled sampler, 2 inches o.d. (outside diam-
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Figure 5-39.—Cone penetrometer testing using a conventional drill rig.

Figure 5-40.—Self-contained, truck-mounted, electrical
cone-penetration apparatus.

eter), that collects a core sample 13 inches in
diameter. The barrel can be separated for ex-
amination and removal of the sample (figs. 5-42 and
5-43), and the resistance to penetration can be
measured in terms of the number of blows that a
140-pound hammer dropping 30 inches takes to
drive the sampler 12 inches (fig. 5-44). In perform-
ing this test it is essential that a standardized pro-
cedure be used and that information on soil type,
water content, and penetration resistance be re-
corded. Split-barrel samplers other than 2 inches
in outside diameter may be used; however, all pen-
etration records made with those samplers should

be conspicuously marked with the size of sampler
used.

Penetration tests should be made continuously
in exploring foundations for dams, except where the
resistance of the soil is too great. Any loss of cir-
culation in drilling fluid during the advancing of
holes should be noted and recorded on the log.
When a casing is used, it should not proceed .in
advance of the sampling operation. Complete
ground-water information should be obtained, in-
cluding ground-water levels and elevations at which
water was lost or water under pressure was en-
countered. Ground-water levels should be measured
before and after the casing is pulled.

Information on sampling and logging of standard
penetration holes is given in parts I and J of this
chapter, respectively. The penetration resistance
values should be recorded and plotted on a log sim-
ilar to that shown on figure 5-67. The significance
of the penetration records in the design of foun-
dations for small dams is discussed in sections 6.12
and 6.13. A more detailed description of the stan-
dard penetration test is given in test designation
USBR 7015, Performing Penetration Resistance
Testing and Sampling of Soil, in the Bureau’s Earth
Manual [7].

(¢) Auger Drilling.—Auger drills are power drills
that are designed for high rotational torque at low
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revolutions per minute as required to drill and col-
lect subsurface soil samples of surfical deposits.
Drill cuttings and soil samples are removed by the
mechanical rotation of the auger tools without the
use of circulation media, thus the requirement for
the high torque capability of the drill. Multipurpose
auger drills are available that are capable of auger,
rotary, or core operations; however, the intent of
this section is to individually describe and explain
the general use for each of the four distinct types
of auger-drilling operations used in subsurface
explorations:

» Continuous-flight auger drilling

» Hollow-stem auger drilling

* Disk auger drilling

* Bucket drilling

(1) Continuous-Flight Augers.—Continuous-
flight auger drilling often provides the simplest and
most economical method of subsurface exploration
and sampling of surfical deposits in a disturbed con-
dition. Flight augers consist of a center rotational
drive shaft with spiral-shaped steel flights welded
around the outside circumference of the drive shaft.

Figure 5-44.—Moaking a standard penetration test using
a drill rig. PX-D-34356.

As each auger section is drilled into the ground,
another section is added with an identical spiral
flight that is manufactured to match the in-hole
auger. The joining of each matched auger section
results in a continuous spiral flight from the bottom
of the hole to the surface. The rotation of the auger
causes the drill cuttings to move upward along the
spiral flights, so that samples can be collected at
the hole collar. Figure 5-45 shows a continuous-
flight auger drilling operation.

Flight augers are manufactured in a wide range
of diameters from 2 inches to greater than 24 inches.
The most common diameter used for obtaining dis-

Figure 5-45.—Continuous-flight auger mounted on an all-
terrain carrier. D-1635-11.
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turbed samples of overburden is 6 inches. Drill
depths are normally limited by the torque capability
of the drill, the ground-water table, cobble strata,
caliche zones, or bedrock.

Continuous-flight auger drilling is an economical
and highly productive method used to determine the
depth of shallow (100 ft or less) water tables. An-
other common and efficient use of flight augers is
to define borrow area boundaries and depths. Bor-
row area investigations are conducted by augering
holes on a grid pattern to define borrow boundaries
and to estimate quantities of usable material. Flight
augers are especially beneficial in collecting com-
posite samples of mixed strata material to establish
a borrow depth for excavation by belt-loader equip-
ment. Composite samples are collected by advanc-
ing the auger boring to the depth capability of the
belt-loader. Hole advancement is accomplished by
turning the auger at a low, high-torque r/min (rev-
olutions per minute) while adding downpressure for
penetration to the depth capability of the belt-
loader. At the end of the penetration interval, the
auger is turned at a higher r/min without further
advancement to collect a composite sample of the
material augered through. After the hole is thor-
oughly cleaned, the material is mixed for a repre-
sentative composite sample, and sacked according
to requirements for laboratory testing. The hole is
then deepened to sample a second depth.

Although the above procedure for collecting com-
posite samples of mixed material strata is efficient,
it may not result in an accurate representative sam-
ple of the material being drilled. This is because of
the mixing of the augered material with the side
wall material drilled through. In addition, auger
borings into a noncohesive loose sand stratum can
result in a sample with a greater volume of sand
than the volume of sand that would be obtained
from a borehole having an equal diameter through-
out the hole depth. Therefore, if there is evidence
of material contamination, or too much material is
recovered from any auger penetration interval, a
hollow-stem auger with an inner barrel wireline sys-
tem or a continuous sampler system should be used
in lieu of a continuous-flight auger.

Other beneficial and efficient uses of flight auger

drilling include:

» Determination of shallow bedrock depths. It is
especially advantageous for estimating over-
burden excavation volume required to expose
potential rockfill or riprap sources. Confir-

mation of potential rock quality and usable vol-
ume can be determined from core drilling
exploration methods.

Drilling through cohesive soils for the instal-
lation of well points to monitor water table
fluctuation. This is recommended for use only
through cohesive soil strata that can be com-
pletely removed from the auger hole to leave a
clean, full-size open hole for the well point in-
stallation and placement of backfill material.

» Determination of overburden depth to poten-
tial sand and gravel deposits for concrete ag-
gregate processing. This would be used to
estimate the volume of overburden excavation
required to expose the sand/gravel deposit.
Confirmation of potential concrete aggregate
quality and usable volume could be determined
from open pit excavation or from the use of a
bucket drill.

(2) Hollow-Stem Augers.—Hollow-stem auger
drilling can provide an efficient and economical
method of subsurface exploration, in place testing,
and sampling of overburden material in an undis-
turbed condition. Hollow-stem augers are manu-
factured similar to flight augers with spiral shaped
steel flights welded around the outside circumfer-
ence of a center rotational drive shaft. The differ-
ence between flight augers and hollow-stem augers
involves the design of the center drive shaft. The
continuous-flight auger drive shaft consists of a
steel tube with closed end sections for solid pin con-
nections to adjacent auger sections. However, the
hollow-stem auger drive shaft consists of a hollow
steel tube throughout the total length with threaded
or cap-screw connections for coupling to adjacent
auger sections. The advantages of hollow-stem au-
ger drilling over continuous-flight auger drilling are:

* Undisturbed sampling tools and inplace testing
equipment can be lowered and operated
through the hollow-stem without removal of
the in-hole auger.

» Unstable soils and water zones can be drilled
through and cased by the hollow-stem auger to
inhibit caving or infiltration into adjacent soil
strata.

* Instruments and ground behavior monitoring
equipment can be installed and backfilled
through the hollow-stem.

* Removal of samples through the hollow-stem
eliminates contamination from upper-strata
material.
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* Rotary drilling or core drilling operations may
use the hollow-stem as casing to advance the
hole beyond auger drilling capabilities.

In addition to the advantages previously listed,
the hollow-stem auger can be operated to function
as a continuous-flight auger. This is accomplished
with the use of a plug bit within the center tube of
the lead auger, as shown on figure 5-46. The bit can
be retracted at any time for further undisturbed
sampling or inplace testing without removing the
auger tools.

Before the early 1980’s, undisturbed sampling
with hollow-stem augers was accomplished by re-
moving the lead auger plug bit and lowering con-
ventional soil samplers, thinwall push tubes, or
penetration resistance samplers to the hole bottom.
The sample quality was generally satisfactory, but
this procedure was inefficient, especially during the
changeover from dry auger drilling to the prepa-
ration and use of circulation fluids necessary to re-
move drill cuttings during sampling operations with
rotary soil samplers. Auger manufacturers solved
this problem with the development of soil sampling
tools that recover undisturbed soil samples simul-
taneous with the advancement of the hollow-stem
auger and without the need for drill fluids. This
development has resulted in an improved method
to recover quality undistrubed soil samples of sur-
ficial deposits more efficiently and economically
than any other method.

Hollow-stem augers are commonly manufac-
tured in 5-foot lengths and with sufficient inside
clearance to pass sampling or inplace testing tools
from 2 to 7 inches in diameter. The spiral flights
are generally sized to auger a hole 4 to 5 inches
larger than the inside diameter of the center tube.
Drill depths are normally limited by the rotational
torque capability of the drill, cobble strata, caliche
zones, or bedrock.

(3) Disk Augers.—Disk auger drilling can be an
economical method of drilling large-diameter holes
for disturbed sampling or of installing the large-
diameter castings for accessible explorations. A disk
auger has spiral-shaped flights that are similar in
design to a flight auger; however, it is used as a
single-length tool rather than being coupled to ad-
joining sections. Rotational power is provided by a
square or hexagonal drive shaft (Kelly bar). Drill
cuttings are retained by the upper disk flight and
are removed by hoisting the disk auger from the
hole after every 3 to 5 feet of penetration.
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Hole diameters can range from 12 to 120 inches,
and the larger disk auger rigs can drill to 120 feet
or more using telescoping Kelly drive bars. Unless
a casing is used, disk auger capabilities are generally
limited by cobble or boulder strata, saturated flow-
ing sands, or ground-water tables. Weathered or
“soft” rock formations can be drilled effectively
with a disk auger equipped with wedge-shaped “rip-
per” teeth (fig. 5-47). Concrete and “hard” rock can
be drilled by disk augers equipped with conical,
tungsten-carbide tipped teeth.

In addition to the drilling and installation of deep
accessible explorations, disk augers are used to re-
cover large-volume samples from specific subsur-
face material strata. They may also be used to drill
and install perforated casing or well screens for
ground-water monitoring systems. The most fre-
quent use of disk augers is for the drilling of cais-
sons for the building construction industry.

(4) Bucket Drills.—Bucket drills, occasionally
misnamed “bucket augers,” are used to drill large-
diameter borings for disturbed sampling of over-
burden soil and gravel material. The bucket is de-
signed as a large-diameter hollow steel drum,
usually 3 to 4 feet long, that is rotated by a square
or hexagonal drive (Kelly bar) connected to a steel
yoke at the top of the bucket. The bottom of the
bucket is designed with a hinged and lockable steel
cutter plate equipped with wedge shaped ripper
teeth. The cutter plate is mechanically locked dur-
ing the rotational drilling operation and has a 9- to
12-inch bottom opening through which drill cut-
tings are forced and collected in the bucket. After
a 3- to 4-foot drilling penetration, the bucket is
hoisted out of the drill hole, attached to a side jib
boom, and moved off the hole for the discharge of
the cuttings. The cuttings are then discharged by
a mechanical release of the hinged cutter plate or
by opening one side of the bucket, which may be
designed with hinges. The drilling operation is con-
tinued by locking the cutter plate or the hinged side
panel of the bucket before lowering the bucket to
the hole bottom.

Hole diameters can range from 12 to 84 inches
in diameter using a standard bucket. A reamer arm
extension, equipped with ripper teeth, can be at-
tached to the bucket drive yoke for over-reaming
the hole to 120 inches in diameter using special
crane-attached bucket drills. When using over-
reaming bar extensions, drill cuttings enter the
bucket from the bottom cutter plate during ‘rotary

Figure 5-47.—Large disk auger with ripper
teeth. D-1635-18.

penetration. Cuttings also fall into the top of the
bucket as a result of the rotational cutting action
of the over-reamer.

Bucket drill capabilities are generally limited by
saturated sands, boulders, caliche, or the ground-
water table unless casing - is used. Weathered or
“soft” rock formations can be effectively penetrated
with bucket drills. The larger crane-attached bucket
drills have achieved depths of 190 feet using tele-
scoping Kelly drive bars and crane drawworks hoist
systems.

Bucket drills are used in the construction in-
dustry for boring caisson holes. They have proved
extremely beneficial in performing subsurface in-
vestigations into sand and gravel deposits for con-
crete aggregate investigations. They may also be
used to drill and collect intermixed gravel and cob-
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ble samples up to approximately 8 inches in di-
ameter, Bucket drills can be an effective method of
drilling deep accessible explorations. Figure 5-48
shows a bucket drill in operation.

{d) Rotary Drilling.—Rotary drills are power
drills designed for medium rotational torque at var-
iable rotational speeds from low (approximately 100
r/min) for hole penetration using tri-cone rock bits
or carbide-tipped drag bits to medium-high (ap-
proximately 800 r/min) for undisturbed soil sam-
pling or rock core drilling with core barrels.

All rotary drills are equipped with high-pressure
fluid injection pumps or air compressors to circulate
drill media. This media, which may consist of water,
drill mud, compressed air, or air-foam, is used to
cool and lubricate the cutting bits and to hold the
drill cuttings in suspension for circulation to the
top of the hole.

Seven distinctively different types of rotary drills
are used in subsurface explorations:

* Rotary-table drills

» Top-head drive drills

» Hollow-spindle drills

» Fluted Kelly drills

= Reverse-circulation (rotary and percussion)

drills

« Top-head drive with percussion casing hammer

drills

» Horizontal rotary drills

The following paragraphs describe each type of
rotary drill and explain the most beneficial use for
which each drill has been designed. In addition, al-
though it is not classified as a rotary drill, the op-
eration and use of the churn/cable-tool drill is
described.

(1) Rotary-Table Drills.—Rotary drills were ini-
tially developed for the petroleum industry as a
stationary-plant, heavy-duty drill machine using a
large rotational table mechanism to provide rotary
power to a rigid tabular string of rods with a bit
attached. Hole penetration is accomplished by the
use of heavy, weighted drill collars coupled to the
drill rod and high-pressure pumps that discharge
circulation fluid through small jet ports in the bit.
The weight, butting action of the rotary bit, and
high-pressure jetting action of the circulation media
all combine to rapidly advance the drill hole
through all types of surfical deposits and bedrock.
Although this type of drill has proved extremely
effective for the petroleum industry (it rapidly ad-
vances boreholes to deep “paysands”), it is not de-

signed to perform relatively shallow subsurface
investigations. This type of a drilling operation
would be cost-prohibitive in shallow exploration
work and would result in very poor core quality in
low-strength rock.

A smaller version of the rotary-table drill was
developed by drilling manufacturers to perform
shallow explorations and water well drilling. These
are generally truck-mounted rigs with a chain- or
gear-driven rotary table. The use of smaller, lower
pressure pumps with bypass systems provides bet-
ter control over the injection of downhole fluid pres-
sure that could easily erode or fracture the rock.
Mechanical chain pulldowns were added to elimi-
nate the use of heavy drill collars for more precise
control over the bit pressure. However, a drill with
a mechanical chain pulldown is not designed with
the precision control features necessary to recover
quality core samples of soil or laminated hard to
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Figure 5-48.—Bucket drill rig in drilling position with a 24-
foot triple Kelly and 36-inch bucket. D-1635-20.
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soft rock. This type of a rotary-table drill is pri-
marily used in the water well industry and could be
beneficial to the subsurface exploration industry as
a method to install ground-water monitoring
systems.

Rotary-table drills can drill holes with diameters
from 6 to 24 inches. Depth capabilities can range
from 2,500 feet to greater than 10,000 feet.

(2) Top-Head Drive Drills.—The top-head drive
drill was developed to provide greater operator con-
trol over the drilling operation. This is accom-
plished through the use of variable-speed hydraulic
pumps and motors for the rotational speed and con-
trol of bit pressure. The incorporation of hydraulic
systems into drilling machinery has vastly im-
proved drilling capabilities, performance, and reli-
ability, with less down time for costly repairs. A
skilled operator can control even the largest top-
head drive drill with precision by monitoring the
drill-head hydraulic pressure (indicating bit torque
resistance); by monitoring the drill media circula-
tion pressure (indicating open-hole, blocked-hole,
open-bit, or plugged-bit condition); and by con-
trolling the applied hydraulic pulldown pressure,
making it compatible with the bit pressure required
to drill the formation at a constant and efficient
rate of penetration. In addition to the capability to
apply controlled hydraulic down pressure (crowd
pressure), the new top-head drive drill rigs are
equipped with “float” controls, which provide grav-
ity pulldown pressure equal to the weight of the drill
head and in-hole drill tools, and with “hold-back”
controls, which apply a back pressure to the gravity
down pressure to reduce the applied weight at the
bit. All of these features have made the top-head
drive rotary drill one of the most advanced drilling
units for quality subsurface explorations.

Top-head drive rotary drills are generally long-
stroke drills capable of continually penetrating 10
to 30 feet without requiring additional rods or “re-
chucking”. Conventional drilling for the advance-
ment of boreholes to specific depths is normally
accomplished with the use of 2%- to 5%-inch o.d.
rods. For drilling stability, maintenance of hole
alignment, and thorough circulation of drill cut-
tings out of the hole, the drill rod diameter should
not be less than one-half that of the cutting bit. A
drill rod/bit combination of a 4%-inch-o.d. rod
and an 8-inch-diameter bit results in an annulus of
1% inches between the rod and hole wall. This an-
nulus is sufficient for the thorough removal of all

drill cuttings by high-velocity circulation media
flow while minimum pump pressure is maintained.
For holes larger than 8 inches in diameter, cen-
tralizers or stabilizers manufactured approximately
1 inch smaller in diameter than the bit, should be
added to the drill rod string on approximately 30-
foot centers. These stabilize the drill string and aid
the removal of drill cuttings from the hole through
the reduced annulus area.

Downhole percussion hammers are commonly
used with top-head drive drills for rapid penetration
through hard materials and to maintain a better
drill-hole alignment than can be achieved with the
use of tricone rock bits.

Tricone rock bits are generally rotated 3 to 4
times faster than a downhole hammer, but have a
tendency to drift off alignment when one or more
cutting cones contact the edge of a boulder or other
obstruction. Downhole hammers are operated with
air or an air-foam mix and are generally rotated
between 12 and 20 r/min. The bit is slightly concave
and embedded with rounded tungsten-carbide but-
tons that chip away at the rock with rapid in-out
percussion impact blows. The slow rotation and di-
rect impact hit of the single piece button bit can
result in the control of a truer hole alighment than
with the use of a 3-roller tricone bit.

In subsurface exploration programs, top-head
drive drills are commonly used to drill for and in-
stall ground-water monitoring systems, structural-
behavior monitoring instruments, geothermal in-
vestigations, waste injection wells, and to recover
large-diameter surficial deposit or rock core sam-
ples. When continuous cores are required, a large-
diameter wireline system should be used to main-
tain efficiency and eliminate the need to remove all
rods from the hole for core recovery. In all coring
operations using air-foam circulation media, the
outside diameter of the core bit must be sized to
drill a hole not less than %-inch larger in diameter
than the outside diameter of the drill rod. Water or
low-viscosity mud circulation could be accom-
plished with a core bit at least Y-inch larger in
diameter than the outside diameter of the rod.

Hole diameters using top-head drive drills gen-
erally range from 6 to 24 inches; depth capabilities
may range from 1,500 to more than 5,000 feet. Fig-
ure 5-49 shows a top-head drive drill with head in
mast.

(3) Hollow-Spindle Drills.—The hollow spindle
drill is a multiple-use drill developed to provide a
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Figure 5-49.—Top-head drive drill with head in mast for
drilling. P801-D-81043.

method of quick changeover from auger drilling to
rotary or core drilling operations. Basically, the hol-
low spindle provides the rotary drive power, pull-
down, and retract to the specifi¢ drill tools being
used. Unlike other rotary drills designed to drill
only with tubular-shaped drill rods or heavy-duty
Kelly bars, the hollow-spindle drillhead has been
designed for the attachment of a flight auger or
hollow-stem auger drive head, of manual or hy-
draulically activated chuck assemblies to clamp
tubular-shaped drill rods, or of automatic chuck as-
semblies for clamping and drilling with fluted Kelly
drive bars. A

Another advantage of a hollow-spindle drill is
that the spindle opening provides access for the pas-
sage of smaller sampling tools or of inplace testing

tools through the larger diameter drill rod or the
hollow-stem auger without having to disassemble
major equipment. This is especially advantageous
in wireline core drilling or penetration resistance
testing operations.

Hollow-spindle drills are manufactured either
with variable-speed hydraulic drillheads or me-
chanically driven drillheads powered by a multiple
rotary-speed transmission. The pulldown feed rate
and retraction is hydraulically controlled and can
be automatically set to maintain a constant rate of
feed and pressure on the drill bit. Hollow-spindle
drills are manufactured with the capability to con-
tinuously drill 6 to 11 feet in a single feed stroke
without having to add drill rods or rechuck to
achieve additional depth.

A wide variety of sampling and inplace testing
operations can be achieved with a hollow-spindle
drill. Disturbed samples can be obtained by flight
auger drilling. Undisturbed samples can be obtained
with the use of 3- to 5-inch thinwall push tubes or
soil samplers that are designed to lock within the
hollow-stem auger and simultaneously recover a soil
core sample with the advancement of the hollow-
stem auger. Large-diameter undisturbed soil sam-
ples (4- to 6-inch diameter) can be recovered using
drill mud or air-foam circulation media and con-
ventional soil-sampling core barrels. The hollow-
spindle design also permits fixed-piston sampling
of noncohesive sands or of saturated soils with sam-
pling tools that require an inner rod within the drill
rod. Rock coring operations can be performed using
wireline systems or conventional core barrels with
water, air, or air-foam circulation media.

Inplace testing can be conducted within the hol-
low-stem auger without a major changeover of
equipment. The specific inplace tests that can be
efficiently conducted with a hollow-spindle drill are
vane shear, penetration resistance, and hydraulic
Dutch-cone testing.

Holes using hollow-spindle drills generally do not
exceed 8 inches in diameter. Depth capabilities
vary: approximately 150 feet through surficial de-
posits with a hollow-stem auger, 200 feet through
surficial deposits with a flight auger, 800 feet
through surficial deposits and bedrock with a 6-inch-
diameter rotary bit, and up to 1,000 feet through
bed rock with a 3-inch-diameter wireline coring
system.

(4) Fluted Kelly Drills.—A rotary drill that is
equipped with a fluted Kelly rod is designed to con-
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tinuously drill 10 to 30 feet (continuous drill length
depends on the length of the Kelly rod) without
having to add additional drill rods. The Kelly rod
is a thick-walled tubular steel rod that has 3 or 4
semicircular grooves milled on equally spaced cen-
ters into the outer wall of the rod and parallel to
the axis of the rod. The milled grooves (flutes) run
continuously along the total length of the Kelly rod
except through the upper and lower tool joint con-
nections.

Drills equipped with fluted Kelly rods are gen-
erally designed to supply rotational power to the
Kelly rod through the combined use of a stationary
drillhead and rotary quill. The quill is equipped with
an automatic pulldown and Kelly drive bushing to
apply downward pressure and rotational drive to the
Kelly rod. The Kelly drive bushing contains hard-
ened steel pins sized to fit into the rod flutes for
rotational drive power to the Kelly rod. While ro-
tational torque is being applied by the drive bushing
pins within the flute grooves, the Kelly rod has an
unrestricted up or down movement throughout the
total length of the flutes. Hole advancement is ac-
complished by engaging the automatic pulldown to
clamp and apply hydraulically controlled down
pressure to the Kelly rod. It is also common practice
to disengage the automatic pulldown, in relatively
easy drilling material, and let the weight of the total
drill string (Kelly rod, attached drill rods, and bit)
advance the hole with hold-back control maintained
by controlled braking of the drawworks hoist cable
attached to the top of the Kelly rod.

Fluted Kelly drills are commonly used in sub-
surface exploration programs to bore 6- to 8-inch-
diameter holes through surficial deposits and bed-
rock, to set casing, and to recover large-diameter
(4- to 6-inch) undisturbed soil or rock cores with
conventional core barrels. Drill mud or air-foam is
generally used to remove cuttings. A fluted Kelly
drill is not considered efficient for exploration pro-
grams that require continuous core recovery be-
cause they are generally not equipped for wireline
core operations. This limitation significantly re-
duces coring production because all rods and the
core barrel must be removed from the hole after
each core run.

Fluted Kelly drills are best used in the drilling
and installation of water observation wells. Hole
sizes may be drilled to 12 inches diameter and to
depths ranging from 1,000 to 1,500 feet. Figure
5-50 shows a fluted Kelly drill setup.

Figure 5-50.—Fiuted Kelly drill setup. Automatic pull-
down chuck assembly and breakout table.
P801-D-81044.

(5) Reverse-Circulation (Rotary and Percussion)
Drills.—A reverse-circulation drill is a specialized
rotary or percussion drill that uses a double-walled
tubular drill rod. The circulation drilling media,
compressed air or air-foam, is forced downhole
through the annulus between the inner and outer
rod wall. For a reverse-circulation rotary drill, the
circulation media is ejected near the tool joint con-
nection between the rotary bit and the center rod.
The media circulates around the outside face of the
bit to cool the bit and move the drill cuttings up-
ward through a center opening in the bit. The cut-
tings are forced up the center tube to a discharge
point at the hole collar. For a reverse-circulation
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percussion drill, the circulation media is ejected just
above the drive shoe on the outer rod. The media
forces the movement of drill cuttings that have en-
tered the drive shoe upward through the center tube
to a discharge point at the hole collar.

The reverse-circulation rotary drill uses a hy-
draulically powered top-head drive drillhead and
hydraulic pulldown/retract system. This drill is es-
pecially beneficial for drilling through loss circu-
lation zones (loose sands, voids, etc.), for recovering
uncontaminated disturbed samples, and for testing
water aquifier yield. Drill depths to 1,000 feet can
be achieved using a dual-wall drill rod with an out-
side diameter of 5% inches and a center tube inside
diameter of 3% inches.

The reverse-circulation percussion drill uses an
air-or diesel-powered pile drive hammer to drive
dual-wall drive pipe sizes ranging from 5% inches
o.d. by 3% inches center tube diameter to 24 inches
o.d. by 12 inches center tube i.d. Depth capabilities
range from 50 feet (with the 24-inch-o.d. drive pipe)
to 350 feet (with the 5%-inch-o0.d. drive pipe). This
drill is especially good for drilling gravel to boulder-
size material and for recovering uncontaminated
disturbed samples of sand, gravel, and cobble-size
material.

Another advantage of a reverse-circulation
percussion drill and dual-wall drive pipe is that the
drive pipe can be used as a temporary casing
through coarse aggregate deposits. Smaller drills
can then be set over the casing to conduct coring
operations or inplace tests or to install subsurface
instrumentation systems.

(6) Top-Head Drive with Percussion Casing
Hammer Drills.—A top-head drive rotary drill
equipped with an automatic casing hammer has
given a new dimension to the expanded capabilities
of rotary drilling. The drill is essentially the same
as the conventional top-head drive drill previously
described. The addition of an automatic casing
driver gives additional capabilities to the drilling
equipment to simultaneously advance the casing
during rotary drilling operations. This is especially
advantageous during rotary drilling operations
through materials susceptible to caving or squeezing
such as sand-cobble-boulder strata, saturated
sands, and soft saturated silts and clays subject to
squeezing.

Before the development of automatic casing driv-
ers, the material subject to caving had to be drilled
through, followed by the removal of all rods and the

drill bit from the hole. The casing would then be
driven to refusal with the use of a rope catline and
mechanical cathead to hoist and drop a heavy,
weighted drive hammer to impact on a steel anvil
installed on the top of the casing. More often than
not, driving refusal would only be to the top of cave
material that had previously been drilled. This pro-
cedure would then be followed by the redrilling of
the caved material, removing rods, repeating casing
driving attempts, etc. This unfortunate but com-
mon situation has often resulted in significant
losses in production, money, and damaged equip-
ment for many drilling contractors.

Automatic casing drivers are designed for use
only with top-head drive rotary drills. The casing
driver is designed with a circular opening through
the center of the driver assembly for the rotation
of drill rods through the casing. This permits si-
multaneous drilling advancement with casing ad-
vancement. As the casing driver lowers during the
percussion driving of the casing, the drillhead low-
ers to ream a pilot hole for the casing drive shoe
and to remove cuttings from within the casing.

Casing drivers are powered by compressed air.
This actuates the driving ram, which is designed to
impact the casing drive anvil with a driving energy
ranging from 1,300 foot-pounds, for the smaller
drivers, to 7,400 foot-pounds, for the larger drivers.
The circulation media for the removal of cuttings
is compressed air or air-foam. The cuttings travel
upward through the casing to a discharge spout that
is a component of the casing driver.

The efficiency of simultaneous rotary drilling
with a downhole hammer and installation of a 10-
inch-o0.d. casing through 180 feet of homogeneous
cobble (6- to 12-inch) material was recently dem-
onstrated at El Vado Dam, New Mexico. Two 180-
foot deep holes' through the cobble embankment
were drilled and cased in 20 hours production time.
After the installation of a well screen and backfill
material through the casing in each hole, the casing
was removed from both holes in 14 hours production
time. Removal of the casing is accomplished by the
capability of the casing driver to drive upward for
impact against a pulling bar anvil positioned in the
top of the driver assembly. The bottom of the pull-
ing bar, opposite the upward-drive anvil, is con-
nected to an adaptor “sub” for attachment to each
section of casing.

One of the greatest benefits derived from the use
of a rotary drill equipped with a casing driver is
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minimizing the possibility of creating a hydraulic
fracture in earth embankment dams during drilling
operations. After the 1976 failure of Teton Dam in
eastern Idaho, top priority was placed on the in-
stallation of dam safety monitoring instrumenta-
tion into existing embankment dams. However, it
was soon discovered that conventional rotary drill
rigs, using mud, water, or air circulation media,
could create severe problems during embankment
drilling. The high priority given to the program cre-
ated a sense of urgency to drill and install dam
safety monitoring instrumentation as quickly as
possible. Problems soon surfaced when uncased
drill holes were advanced through zones of some
embankments. These zones were subject to
squeezing or caving and would sometimes result in
blockage above the drill bits, restricting the return
circulation. Failure to maintain an open hole could
result in a sudden increase of the circulation media
pressure, which could, in turn, cause hydraulic
fracturing of the embankment.

In 1982, the Bureau of Reclamation developed a
method for rotary drilling through embankments
with high-pressure, compressed-air-foam circula-
tion media that has practically eliminated the dan-
ger of hydraulic fracture. Simultaneous rotary
drilling/casing driving operations are performed us-
ing an air-actuated casing driver capable of deliv-
ering 7,400 foot-pounds of driving energy per impact
blow at 75 blows per minute. Special high-strength
threaded casing, with inside diameters of 6 and 8
inches, has repeatedly been driven to depths of 400
feet through earth embankments and removed after
instrumentation installation. The high-pressure
air-foam circulation media is contained within the
open casing by advancing the casing drive shoe 6
to 8 inches ahead of the rotary bit. This procedure
ensures containment of the circulation media pres-
sure within the casing by the formation of a com-
pacted soil plug within the drive shoe. When
cobbles or boulder-size materials are encountered,
the bit or downhole hammer is lowered to 3 inches
below the drive shoe to continue casing advance-
ment to bedrock. The accumulation of cuttings
along the inner wall of the casing is inhibited by
continuous monitoring of the air-foam injection
pressure and by back reaming through the casing
after every 5 feet of penetration.

After completion of the borehole to the planned
depth, the instruments and backfill material are in-
stalled within the casing. After the placement of

backfill to a height of approximately 30 feet above
the hole bottom, 10 to 20 feet of casing is removed
followed by a continuation of the backfilling op-
eration. This procedure leaves the upper part of the
backfill within the casing at all times to prevent the
cave material from damaging the instrument or con-
taminating the backfill. The percussive blows of the
casing driver contributes to a thorough consolida-
tion of the backfill material by vibration of the cas-
ing during the removal operation.

(7) Horizontal Rotary Drills.—Horizontal rotary
drills were initially developed in the 1960’s for the
installation of perforated or slotted pipe drains into
water-saturated landslide areas for stabilization
purposes. The success of this innovative idea re-
sulted in the development of an industry involved
in the manufacture of specialized drilling and slot-
ted PVC drainpipe. Horizontal rotary drills are
crawler tractor-mounted for all-terrain mobility
and are designed with adequate weight distribution
for stability to provide the required horizontal
thrust. The track carrier power unit provides the
mechanical tracking power for the tractor and the
total hydraulic power for the drill unit. The rotary
drillhead is positioned on a box-beam slide attached
to the side of the tractor. The slide is equipped for
movement, with the use of hydraulic cylinders, to
result in drilling capabilities at any angle from ver-
tical to 45° above horizontal. Drilling is continuous
throughout a 10-foot travel length of the drillhead
over a smooth plane surface of the beam slide. For-
ward thrust and retract of the drillhead is hydraul-
ically controlled through the combined use of a
hydraulic ram, equipped with wire rope sheave
wheels, and a cable (wire rope) attached to the
drillhead.

Drilling is accomplished by using a custom-
sized drill rod, 2% inches i.d. by 3 inches o.d., or
4V inches 1.d. by 5 inches o.d. The smaller rod is
used to install 2-inch diameter slotted PVC drain-
pipe; the larger rod is used to install up to 4-inch-
diameter drainpipe, piezometers, or slope inclino-
meter casing. Special carbide tipped drag bits or
tricone bits are locked to a drill sub on the lead rod
that is manufactured with two J-shaped slots milled
into opposite side walls of the drill sub body. The
bit shank (threaded tool joint connection of the bit
body) is welded to a tubular steel sleeve that is
milled with an inside diameter slightly larger than
the outside diameter of the J-slotted drill sub. A
hardened steel pin is welded across the inside di-
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ameter of the bit sleeve for locking into the J slots
of the sub. The bit is attached for drilling by push-
ing the bit sleeve over the drill sub to bottom con-
tact of the hardened pin into the J slot, and locked
by one-quarter turn to the opposite direction of the
drilling rotation. Figure 5-51 shows an Aardvark
Model 500 horizontal drill in operation.

The most successful landslide stabilization pro-
grams evolve from good preplanning to analyze the
hydrogeologic system. This is accomplished by drill-
ing several vertical water observation wells upslope
from the toe of the slide to determine the drilling
angle required to intercept the water influence zone
for dewatering through drain installation. Drilling
setup locations are established at the toe of the slide
and at strategic elevations upslope from the toe (the
number of locations depends on the area and ver-
tical rise of the landslide). The horizontal rotary
drill is then set on location and the drill slide beam
is elevated and locked on the interception angle.

Drilling for landslide drain installations is per-
formed using water as the circulation media to re-
move cuttings. Horizontal or angle drilling into
slide zones is generally a high-production operation
(average drilling penetration rate is 8 to 10 ft/min)
primarily because of the saturated and loose con-
dition of the material. The drill can drill to 800-
foot depths using a 4%-inch bit for the 3-inch-o.d.
drill rod, and to 500-foot depths using a 6Y%-inch
bit for the 5-inch-o.d. drill rod. Most of the drain
installations are drilled in a fan pattern through
the slide material.

After the completion of the hole to the designed
depth, the drillhead is unthreaded from the drill
rod, and slotted PVC drain pipe is installed within
the drill rod to contact with the drill bit. A one-way
check valve assembly, positioned behind the dis-
charge ports of the bit, inhibits the entrance of
ground water or drill cuttings into the rod during
the installation of thé drain pipe. The drain pipe
installation into the drill rod is measured to equal
total hole depth plus 3 feet to ensure the water
discharge point is outside the hole collar. The drill-
head is power threaded onto the drill rod containing
the slotted drain pipe, and an additional 1 to 1%
feet of drilling penetration is made without the use
of circulation media. This operation forces dry cut-
tings to plug and seize the drill bit so that it can
be ejected from the drill rod. After the dry drilling,
water is pumped into the drill rod to approximately

Figure 5-51.—Horizontal rotary drill. Aardvark Model
500 drill with adjustable box-beam slide, crawler-
tractor mounted. P126-100-400I.

300 Ib/in? pressure behind the plugged bit. A reverse
rotation on the drill rod unlocks the expendable bit
from the J-slotted drill sub. This is followed by a
rapid (high-power) pullback on the drill rod while
monitoring the pump pressure for indication of a
sudden pressure drop. The pressure drop confirms
bit drop off, which is immediately followed by rapid
withdrawal of the drill rods. As the rods are with-
drawn, the drain pipe is maintained in the hole
(against the expendable bit) by continuing to inject
water against a floating piston device seated against
the outlet end of the drain pipe. This floating piston
maintains pressure on the drain pipe to prevent
withdrawal of the drain during rod removal. After
all rods are removed, the drain discharge is plumbed
into a manifold pipe assembly and conduit to direct
the water away from the slide zone.

Leaving a bit in the hole generally creates some
concern over wasting a drill bit that could be used
for additional drilling operations. The cost is in-
significant compared with the cost of removing all
drill rods, saving the bit, and attempting to install
drain pipe in a hole that has collapsed.

In addition to drilling for drain installations into
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water-saturated landslides, horizontal rotary drills
have proven extremely efficient and effective for use
in performing the other types of subsurface work
listed below.

a. Core Drilling for Tunnel Alignment Geol-
ogy.—A river diversion tunnel alignment at Buttes
Damsite, Arizona, was horizontally core drilled to
a depth of 927 feet using a horizontal rotary drill
and NWD-3 core-barrel assembly. Core recovery
was 98.9 percent. The production rate was good at
an average of 26 feet per shift; however,the addition
of a pump-in wireline core barrel would have the
potential to triple the conventional core-barrel
production.

b. Slope Inclinometer Casing Installation.—The
most productive and efficient method known for the
drilling, installation, and grouting of inclinometer
casing is with the use of a horizontal rotary drill.
The drill can be track-walked under its own power
to difficult access sites. The inclinometer hole can
be drilled with a 6%-inch expandable bit and a
4Y4-inch-1.d. drill rod. The inclinometer casing can
be installed to the hole bottom through the large-
diameter drill rod. After the release of the expand-
able bit, the annulus between the hole wall and in-
clinometer casing can be homogeneously grouted by
pumping through the drill rod. When the grout fills
to the hole collar, the drill rod can be removed from
the hole to complete the inclinometer casing in-
stallation. After completion, a water-injection pipe
should be lowered to the bottom of the casing in-
stallation for clean water circulation and removal
of any grout that may have entered the inclinometer
casing joints.

c. Piezometer Installation.—The drilling and in-
stallation procedure is the same as that described
for an inclinometer casing. However, the backfilling
procedure is changed to be compatible with the type
of backfill material used. Generally, a uniformly
graded clean sand is placed around the piezometer
tip or to a specified height above the slot openings
of a well screen. This can be accomplished by plac-
ing in the drill rod a measured volume of backfill
material that is 1 to 2 feet greater than the volume
required to fill the hole after removal of a single
drill rod. The drillhead is then threaded onto the
collar rod, and one rod is removed while clean water
is simultaneously pumped and rotating slowly to
force the backfill out of the rod. This procedure
leaves 1 to 2 feet of material in the bottom rod that
protect$ the piezometer from an open hole condi-

tion and possible caving. The backfill and rod re-
moval procedure is repeated in like increments to
completion of the hole.

d. Settlement-Plate Monitoring Systems.—
Choke Canyon Dam, Texas, was constructed with
1-yd? steel settlement plates embedded at the in-
terface between the embankment and compacted
overburden material just below the embankment.
After the completion of the embankment construc-
tion, a horizontal rotary drill was set on the 3:1
downstream slope face to drill and install a steel
reinforcement measurement rod to contact on the
plate for survey monitoring of the embankment set-
tlement. Drilling was conducted using a 3-inch-o.d.
rod and a 4%-inch drag bit with water circulation
media. The plates were located at 6 separate sta-
tions along the embankment to an average depth
of 140 feet. After the bit contacted each plate, the
rods were pulled and the bit removed. The second
drill phase was conducted with an open drill sub on
the lead rod to contact the steel plate. The 2-inch
casing pipe was lowered through the drill pipe to
plate contact. A bentonite seal was injected to the
bottom of the hole during the removal of a 10-foot
rod section. The bentonite was used to seal the cas-
ing to inhibit grout intrusion. The installation was
completed by filling the annulus between the casing
and hole wall with grout from the top of the ben-
tonite seal to the hole collar. After removal of all
drill rods from the hole and initial grout set, a rein-
forced steel rod was installed through the casing to
plate contact. The top of the steel rod is survey
checked to monitor embankment settlement.

(8) Churn/Cable-Tool Drills.—Although incapa-
ble of performing rotary drilling operations, the
churn drill, or cable-tool, is widely used in lieu of
or in combination with rotary or core drills. The
churn/cable-tool drilling operational procedure is
one of the oldest known methods of boring holes,
and continues to be one of the principal methods
used to drill water wells. The drilling is performed
by raising and dropping a heavy string of tools led
by a blunt-edge chisel bit. The tools are attached
to a steel cable that is alternately raised and re-
leased for free-fall by a powered drum assembly.
The cable is suspended from a sheave assembly
mounted on an oscillating beam that absorbs the
shock load created by the quick release of load on
the taut cable upon impact of the drill tools. The
impact of the blunt-edge chisel pulverizes soil and
rock material as the borehole is advanced. The cut-
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tings are suspended in a slurry that is injected into
the borehole. After each 10- to 20-foot penetration,
the cable tools are hoisted out of the hole, and a
cylindrical bailer equipped with a bottom check
valve is lowered into the hole to remove the slurry.
This process is repeated to the total hole depth.

A sampling barrel can also be attached in place
of the blunt-edge chisel bit. In this mode, the churn/
cable-tool drill can be used to sample and to ad-
vance the hole without the use of water and the
resulting muddy hole. The sampler mode has been
used to advantage in sampling glacial terrains
where great thicknesses of heterogeneous surfical
deposits overlie bedrock. The sampler mode of
churn/cable-tool drilling has also been used to ad-
vantage for sampling and instrumentation of dam
embankments. The Bureau of Reclamation has had
little experience with this mode of sampling; how-
ever, the potential uses for this older technology are
great.

The churn/cable-tool drill is often used to drill
and drive casing pipe through cobble-laden or frac-
tured overburden material for core drilling of the
deeper formation material with diamond-core drills.
When true vertical hole alignment is critical, the
churn/cable-tool drilling method is the most reli-
able method known. The churn/cable-tool drill has
been used successfully by the petroleum industry
to drill 15-inch-diameter holes to depths of 7,000
feet. The simplicity of the equipment makes churn/
cable-tool drilling operations the least expensive
method known for boring holes.

(e) Core Drilling.—Core drills are power rotary
drills designed to drill and recover cylindrical cores
of rock material. Most core drilling equipment is
designed with gear or hydraulically driven variable-
speed rotary drill heads capable of producing up to
1,800 r/min (fig. 5-52). Average core-diameter ca-
pability with these drills ranges from % inch to 3%
inches and to depths of 1,000 feet. Larger-diameter
coring operations (4 to 6 inches) are usually per-
formed with the use of rotary drills (described in
sec. 5-32(d)) and cores to 6 feet in diameter can be
drilled and recovered with the use of a shot/calyx
drill.

There has been a general misconception that cor-
ing operations with diamond core bits must be per-
formed at the highest rotary speed, regardless of
core size, to be efficient. However, this type of an
operational procedure usually results in a shortened
bit life, poor penetration rate, and excessive vibra-

tion that results in broken cores or premature core
blockage.

Diamond-core drilling can be compared tc the
use of drill presses or center-bore lathes in a ma-
chine shop. A small-diameter drill bit has to be ro-
tated at high speed with minimum pressure applied
to the bit, while a large diameter drill bit has to be
rotated at a low rate of speed with significant pres-
sure on the bit. Any variation from this procedure
results in bit chatter, dulled drill bits, and poor pen-
etration rate. The same thing happens in a core
drilling operation. The rotational speed and
“crowd” pressure must be compatible with the type
and hardness of rock being drilled to achieve a
smooth and steady rate of penetration throughout
the core length. Any variation results in the loss of
extremely expensive core bits, poor production, and
poor quality core recovery.

All core drills are equipped with pumps or com-

Figure 5-52.—Diamond-core drill rig used in exploration
of a dam foundation. E-2255-4NA.
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pressors for drill media circulation with the use of
water, drilling mud, air, or air-foam to cool and lu-
bricate the coring bits and to circulate the drill cut-
tings to the top of the hole. Most core drills are
equipped with a mast assembly, powered hoist as-
sembly for hoisting heavy loads and, sometimes, a
wireline hoist assembly for hoisting or lowering a
wireline core barrel through the drill rods.

Although some core rigs have been manufactured
with gear or chain pulldown/retract systems, pre-
cise control over bit pressure can best be accom-
plished with the use of a hydraulic pulldown/retreat
system. The hydraulic system must have a precision
regulator control to set and maintain the desired
pressure on the bit. Deep-hole rigs should be
equipped with a holdback control to apply hydraulic
back pressure to the weight of the drill tools.

There are many variations in the design of drill
rigs and mountings for drills that are manufactured
specifically for coring. However, there are only two
basic types, in addition to the coring capabilities of
rotary rigs described in sec. 5.32(d). They are con-
ventional or wireline core drills, for drilling and re-
covery of cores up to 3% inches in diameter, and
shot/calyx core drills for drilling and recovery of
cores to 6 feet in diameter.

The following paragraphs describe each type of
core drill and its most beneficial use.

(1) Conventional and Wireline Core Drills.—
Conventional and wireline core drills are capable of
high-speed rotary core drilling (up to 1,800 r/min)
for the recovery of relatively small-diameter cores
ranging from % inch to 8 inches in diameter; how-
ever, wireline core recovery is limited to 3% inches
in diameter. Conventional core drilling is performed
with the use of standard rotary drill rods to which
a core barrel is attached. After each core run, all
rods and core barrel must be removed from the hole
to recover the core. A wireline core drill uses large-
i.d. drill rods through which an inner core-barrel
assembly is lowered by wireline cable and locked
into a latch mechanism in the lead rod. After each
core run, an “overshot” tool is lowered by wireline
to unlock and retrieve the inner-barrel assembly for
core recovery.

Conventional core drilling is usually limited to
relatively shallow coring depths, or when intermit-
tent core runs are separated by intervals of hole
advancement by rock bitting. However, the non-
recovery advancement of boreholes between coring
intervals can also be achieved with a wireline sys-

tem by removing the inner core barrel and lowering
a rock bit, designed with a wireline latching mech-
anism, into the wireline drill rod,

Other advantages of wireline core drilling over
conventional core drilling include the following:

» Production.—Wireline core drilling is three to

four times faster.

+ Hole Protection.—The larger drill rod func-
tions as a casing to protect the hole at all times
from cave material or squeeze zones.

¢ Drilling Stabilization.—The wireline drill rod
helps to eliminate rod vibration and rotational
whipping action by minimizing the open hole
annulus between the outside of the rod and the
hole wall.

« Extended Bit Life.—The only time wireline
rods must be removed from a core hole is to
replace a worn core bit. Rod trips in and out
of a core hole, as with conventional core drilling
operations, reduces bit life because the outside
diameter gauge stones (diamonds) on the bit
are in contact with abrasive rock formations
during rod “tripping” operations. This is es-
pecially true during angle or horizontal hole
coring operations. In addition, removal of rods
from the hole may cause rock fragments to
loosen and fall or. wedge in the hole. As a result,
reaming through the fallout material is nec-
essary while the rods are lowered to the hole
bottom.

« Water Permeability Testing.—Water testing
through a wireline rod can be accomplished by
hoisting the rod approximately 3 feet above the
bottom of the hole, then lowering a wireline
packer unit through the bit for expansion and
seal against the hole wall. Conventional core-
drill operations would require the removal of
all rods and core barrel before setting the
packer at the zone to be tested.

Some core drills are designed with angle-drilling
capabilities, including up-hole drilling with under-
ground drills used in the tunneling and mining in-
dustry. Angle hole drills are generally small in size
and can be quickly disassembled for moving by hel-
icopter or other means into areas of rough terrain.
Core drills can be mounted on motorized carriers,
trailers, skids, or stiff-leg columns for underground
operations.

Core drills have limited capabilities for drilling
through gravels, cobbles, or any surficial material
that requires significant rotary torque power. Cas-



150 v DESIGN OF SMALL DAMS

ing generally has to be set through surficial mate-
rials to preclude hole caving and the loss of
circulation. Core drill depth capabilities are limited
mainly by the hoisting capacity of the mast and
drawworks and by the ability to maintain a clean
hole free of cuttings.

(2) Shot, or Calyx, Drills.—A shot drill, also
called a calyx drill, is a large rotary drill that is
primarily used for large-diameter (4-inch to 6-foot)
rock or concrete core-drilling operations. After the
development and use of industrial diamond-core
bits, the shot, or calyx, drill has become almost ob-
solete in the United States, but is still being used
in some European and Asian countries. The pri-
mary differences between a shot/calyx drill and ro-
tary core drills previously discussed are the tools
and methods used to perform core-drilling opera-
tions. Coring is performed by using a coring bit that
is a flat-face steel cylinder with one or two diagonal
slots cut in the bottom edge. As the bit and core
barrel are rotated, small quantities of hardened
steel shot (also called adamantine shot, buckshot,
chilled shot, or corundum shot) are fed at intervals
into the drill-rod water injection system. The water
circulation media flows through the core barrel
around the bit face for cooling and return circula-
tion of cuttings, leaving the heavier steel shot on

the hole bottom. The rotating core barrel creates a
vortex at the bit, resulting in the movement of the
steel shot under the flat face of the bit. As the core
bit rotates, the steel shot aids in coring penetration
by an abrasive cutting action on the rock.

A steel tube called a calyx barrel is attached to
the upper (head) end of the core barrel. The outside
diameter of the calyx barrel is the same as that of
the core barrel; the calyx barrel serves as a stabi-
lizing guide rod for the core barrel. The top end of
the calyx barrel is open except for a steel yoke
welded across the inside diameter of the barrel to
a steel ring encircling the drill rod. In addition to
functioning as a stabilizer for the core barrel, the
calyx barrel functions as a bucket to catch and con-
tain drill cuttings too heavy for circulation out of
the hole by the drill water. Cores are removed by
hoisting all rods and the core barrel out of the hole
with the use of a cable drawworks system.

The depth limitation for a shot/calyx drill de-
pends on the mast and drawworks hoist capacity
and the capability to maintain a clean open hole.
Although smaller diameter cores can be drilled with
a shot/calyx drill, only jobs requiring large-
diameter (3- to 6-foot) cores would be comparably
priced and efficient for diamond and for shot
drilling.

I. SAMPLING METHODS

5.33. General.—Sampling has many purposes
for the foundations and construction materials of
small dams. Samples are required to accurately
identify and classify soil or rock. Samples are es-
sential for obtaining information on inplace unit
weight and moisture determinations, for perform-
ing laboratory tests on earth and rock materials,
for testing potential concrete sand and aggregate
deposits, for designing concrete mixes, and for test-
ing potential riprap sources. To a large degree, in-
formation obtained from the laboratory testing of
samples is used to finalize the design of foundations,
and to select the construction materials to be used
in earth and concrete dams.

The importance of obtaining representative sam-
ples cannot be overemphasized. Samples that are
not truly representative of the subsurface inplace
conditions can result in erroneous conclusions and
can contribute to an unsafe or poorly designed dam
or appurtenant structure. Sample recovery requires
considerable care to avoid altering the variations in

natural deposits of subsurface materials. Represent-
ative samples are relatively easy to secure from ac-
cessible trenches, test pits, or tunnels because the
inplace material can be visually inspected to deter-
mine the best method of hand sampling. Boreholes,
however, do not permit a visual inspection of the
material. Therefore, it is more difficult to recover
representative samples.

Samples are broadly classified as either disturbed
or undisturbed. Disturbed samples are those for
which no effort is made to maintain the inplace
condition of the soil or rock. Conversely, undis-
turbed samples require significant care and expe-
rience to maintain as much of the inplace condition
of the material as possible. Nevertheless, there is
no such thing as a true undisturbed soil or rock
sample because the removal of the sample from the
natural confining pressure of the adjacent material
affects the inplace characteristics of the sample.

The following paragraphs describe both hand
and mechanical sampling methods commonly used
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for the recovery of disturbed and undisturbed sub-
surface samples.

5.34. Disturbed Samples (Hand-Sampling
Methods).—Hand samples are usually taken from
accessible excavations, from existing stockpiles and
windrows, or from shallow hand auger borings. The
following paragraphs describe the various methods
of obtaining samples from these sources.

(a) Accessible Test Pits, Trenches and Large-
Diameter Borings.—Obtaining disturbed hand sam-
ples from accessible test pits or trenches (including
road cut and river bank deposits) can be accom-
plished in the following manner. An area of sidewall
of the test pit, trench, or open cut should be
trimmed to remove all weathered or mixed material.
The exposed strata should then be examined for
changes in gradation, natural water content, plas-
ticity, uniformity, etc., then a representative area
should be selected for sampling. Either individual
or composite samples can be obtained by trenching
down the vertical face of a pit, trench, or cut bank
with a cut of uniform cross section and depth. The
soil can be collected on a quartering cloth spread
below the trench. The minimum cross section of
the sampling trench should be at least four times
the dimension of the largest gravel size included in
the soil.

In taking individual samples it is important that
enough representative material is obtained from the
stratum and that extraneous material is not in-
cluded. For composite samples, a vertical trench is
cut through all strata above any desired elevation.

If the material sampled is a gravelly soil that
contains large percentages (about 25 percent or
more of total material) of particles 3 inches or
larger, it is usually advantageous to take represent-
ative parts of the excavated material (such as every
fifth or tenth bucketful) rather than to trim the
sample from the inplace sidewall of the excavation.

The testing size requirements for disturbed sam-
ples are listed in table 5-6. When the samples are
larger than required for testing, they may be re-
duced by quartering. This is done by piling the total
sample in the shape of a cone on a canvas tarpaulin.
Each shovelful should be dropped on the center of
the cone and allowed to run down equally in all
directions. The material in the cone is then spread
out in a circular manner by walking around the pile
and gradually widening the circle with a shovel until
a uniform thickness of material has been spread
across the canvas surface. The spread sample is

then quartered. Two opposite quarters are dis-
carded, and the material in the remaining two quar-
ters is mixed again by shoveling the material into
another conical pile, taking alternate shovelfuls
from each of the two quarters. The process of piling,
spreading, and discarding two quarters is continued
until the sample is reduced to the desired size.

(b) Stockpiles and Windrows.—When sampling
stockpiles or windrows, care must be taken to en-
sure that the samples are not selected from segre-
gated areas. The amount of segregation in materials
depends on the gradation of the material and on
the methods and equipment used for stockpiling.
Even with good control, the outer surface and
fringes of a stockpile are likely to have some seg-
regation, particularly if the slopes are steep and the
material contains a significant amount of gravel or
coarse sand. Representative samples from stock-
piles can be obtained by combining and mixing
small samples taken from several small test pits or
auger holes distributed over the pile. A windrow of
soil is best sampled by taking all the material from
a narrow cut transverse to the windrow. Samples
from either stockpiles or windrows should he fairly
large originally, and they should be thoroughly
mixed before they are quartered down to the size
desired for testing.

(¢) Hand-Auger Borings.—Small auger holes
cannot be sampled and logged as accurately as an
open trench or a test pit because they are inacces-
sible for visual inspection of the total profile and
for selection of representative strata. Small hand
augers (4-inches in diameter or smaller) can be used
to collect samples that are adequate for soil clas-
sification, but do not provide enough material for
testing material properties (fig. 5-53). As the auger
hole is advanced, the soil should be deposited in
individual stockpiles to form an orderly depth se-
quence of removed material. In preparing an indi-
vidual sample from an auger hole, consecutive piles
of the same type of soil should be combined to form
a representative sample. All or equal parts from
each of the appropriate stockpiles should be mixed
to form the desired sample size for each stratum
(fig. 5-54).

(d) Concrete Aggregate Sources.—Disturbed
samples of concrete aggregate materials can be ob-
tained from test pits, trenches, and cased auger
holes. Because the gradation of concrete aggregate
is of great importance, a portable screening appa-
ratus is sometimes used to determine the individual
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Table 5-6.—Identification and sizes of samples.

Purpose of material

Sample size

Remarks!

Individual and composite samples of
disturbed earth materials for classi-
fication and laboratory compaction
tests

Sufficient material, all passing the 3-

Include information relative to the

inch sieve, to yield 75 pounds passing percentage by volume 3 inches to 5

the No. 4 sieve

inches and plus 5 inches

Soil-rock permeability tests

300 pounds passing a 3-inch sieve

Air dried

Relative density test

150 pounds passing a 3-inch sieve

Air dried

Moisture samples, inspection samples
of soil, soil samples for sulfate de-
termination (reaction with concrete)

Sealed pint quart jar (full)

Individual inspection samples should
represent range of moisture and type
of materials

Concrete aggregate

600 pounds of pit-run sand and gravel;
If screened: 200 pounds of sand, 200
pounds of No. 4 to % inch size, and
100 pounds of each of the other sizes
produced; 400 pounds of quarry rock
proposed for crushed aggregate

For commercial sources, include data
on ownership-plant and service his-
tory of concrete made from
aggregates

Riprap

600 pounds, which represents propor-
tionally the quality range from poor
to medium to best as found at the

Method of excavation used, location of
pit and quarry

source

Inplace unit weight and water content
of fine-grained soils above water
table

8- to 12-inch cubes or cylinders

Sealed in suitable container

1For identification on sample tags, give project name, feature, area designation, hole number, and depth of sample.

size percentages of the samples in the field. This
provides an indication of the processing operations
that will be required. Whenever facilities are avail-
able, representative samples of the aggregate should
be tested in the laboratory to determine the physical
and chemical properties of the material. In the ab-
sence of facilities for laboratory tests, examination
of the aggregate by an experienced petrographer
will aid considerably in estimating its physical and
chemical soundness. Information on the durability
and strength record of an aggregate in concrete can
be obtained by designing and breaking test cylin-
ders of trial concrete mixes. This test procedure is
of great value in appraising the potential source of
concrete aggregate and should be used whenever
possible. Laboratory tests on concrete aggregate are
discussed in part K (sec. 5.50).

(e) Riprap Sources.—The quality and durability
of rock for riprap can be judged by geologic field
conditions, physical properties tests, petrographic
examination, and the service record of the material.

Because riprap requirements include obtaining
proper sizes of rock fragments, quality tests made
in the laboratory must be supplemented by data
obtained during field examination and by the re-
sults of blasting tests in proposed quarry sites. The
importance of obtaining representative samples of
each type of material in a proposed riprap source
must be emphasized. If there is more than one type
of material in a sodurce, separate samples repre-
senting each material proposed for use should be
obtained. Samples of intervening layers of soil,
shale, or other soft rock that is obviously unsuitable
for riprap is not required, but full descriptions of
these materials should be recorded on the logs and
in a report of the investigation.

Samples can be obtained by blasting down an
open face of the sidewall of a test pit, trench, or
exposed ledge to obtain unweathered fragments rep-
resenting each type of material as it will be quarried
and used in riprap. Sampling of the exposed weath-
ered rock should not be conducted for laboratory
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Figure 5-53.—Types of hand augers; 2-inch helical; 2- and
6-inch lwan; and 6-inch Fenn (adjustable).
PX-D-16998.

testing because the test values will not be repre-
sentative of the natural rock condition. Figure 5-55
shows the blasting operation at a rock ledge riprap
source for Stampede Dam, California, and the re-
sulting riprap material.

Large fields of boulders are sometimes proposed
as sources of riprap. However, the production of
riprap from boulder fields is always a costly process
and should be considered only when quarried ma-
terials are not available. Moreover, field boulders
usually do not have the angularity and interlocking
properties of quarried riprap. Sampling of boulder
sources should include breaking large boulders to
obtain samples of fragments similar to those likely
to result from construction operations. Talus slopes
should be sampled only if the talus itself is proposed
for use as riprap. Samples of talus material gen-
erally do not represent the material obtainable from
the solid rock ledge above the talus slope because
the talus fragments are generally weathered or
altered.

5.35. Disturbed Samples (Mechanical Sam-
pling Methods).—Generally, disturbed samples are
obtained from drilled holes; however, samples can
be obtained through the use of construction exca-
vation equipment (backhoes, draglines, trenchers,
dozers, etc.) when the samples are required pri-
marily for identification or for making volume com-
putations of usable material. Samples obtained in
this manner are generally unsuitable for use in lab-
oratory testing because of the heavy mixing of ma-
terial that occurs during the excavation process.

SAMPLE Mo
FROM HERE
bir il

Y SAMPLE No 2

Piles ore separoted when FROM HERE
significantly different materials (similor soil)
are encountered.

Figure 5-54.—Auger sampling. PX-D-16331

Heavy excavation equipment is best used to exca-
vate an accessible test pit or trench. Individual ma-
terial stratum can then be sampled by hand
methods to avoid contamination from adjacent
materials.

(a) Power Auger Drills.—One of the most com-
mon methods of obtaining subsurface disturbed
samples is by using power auger drills. Continuous-
flight auger drilling can be used to obtain disturbed
samples of borrow area materials. After each se-
lected interval, or material change, the soil sample
cuttings travel up the spiral flight to the collar of
the hole for collection of the sample. However, the
cuttings moving upward along the flight can loosen
and mix with previously drilled material. If con-
tamination or mixing with other soil material is
undesirable, a hollow-stem auger with an internal
sampling system should be used.

Disk augers are commonly used to recover dis-
turbed samples of soil and moderately coarse-
grained material. After each penetration, the disk
should be removed from the hole with the disturbed
sample cuttings retained on the top of the disk.
Collection of the sample can then be made at the
hole collar followed by repeated drilling intervals.

Bucket drills are suitable for the recovery of dis-
turbed samples of coarse-grained soils, sands, and
gravel deposits. During each drilling interval, the
sample cuttings enter the cylindrically shaped
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{A) INITIAL BLAST.

(B} RESULTS OF BLAST.

Figure 5-55.—Blasting a rock ledge at the riprap source for Stampede Dam, California. The rock is basalt having
a specific gravity of 2.6. P949-235-432NA, P949-235-436NA.
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bucket through the bottom cutter block. Removal
and collection of samples is then accomplished by
hoisting the bucket from the hole and releasing the
hinged bottom plate or side of the bucket.

(b) Reverse-Circulation Drills.—The reverse-
circulation drills are advantageous to use in the re-
covery of sand, gravel, and cobble-size disturbed
samples. However, this sampling method is rela-
tively expensive and is not used for borrow area
investigations. This process involves using a dou-
ble-walled drill stem and compressed air to circulate
the cuttings for collection at the hole collar. Com-
pressed air is pumped down the annulus between
the inner and outer walls of the double-walled drill
rod, and cuttings are forced upward through the
center rod as the drilling progresses. Collection of
the cuttings is made at the discharge spout of a
special funnel-shaped cyclone assembly that is de-
signed to disperse the compressed air and deposit
the cuttings in the order drilled through. This
method of disturbed sampling is considered to be
the most reliable to produce a noncontaminated
sample because the drill stem seals previously
drilled material zones.

5.36. Protection and Preparation of Disturbed
Samples for Shipping.—The sizes of samples re-
quired depends on the nature of the laboratory
tests. Table 5-6 gives suggested sample sizes and
the information required on a sample identification
tag. Disturbed samples of 75 pounds or more should
be placed in bags or other suitable containers that
will prevent the loss of moisture and the fine frac-
tion of the soil. Samples of silt and clay that are
proposed for laboratory testing for use as borrow
material should be protected against drying by
placement in waterproof bags or other suitable con-
tainers. Samples of sands and gravels should be
shipped in closely woven bags and air dried before
they are placed in the bags. When the sack samples
are shipped by public carrier, they should be double
sacked. It is recommended that those samples not
tested be stored for possible future examination and
testing until the dam is complete and in operation
for 5 years.

5.37. Undisturbed Hand-Sampling Methods.—
Undisturbed samples in the form of cubes, cylin-
ders, or irregularly shaped samples can be obtained
from strata exposed in the sides or bottoms of open
excavations, test pits, trenches, and large-diameter
auger holes. Such samples are useful for determin-
ing iriplace unit weight and moisture content, and
for other laboratory tests.

(a) Procedures for Obtaining Hand-Cut Sam-
ples.—Figures 5-56 and 5-57 show procedures com-
monly used in hand-cut block sampling. Cutting
and trimming samples to the desired size and shape
requires extreme care, particularly when working
with easily disturbed soft or brittle materials. The
appropriate cutting tool should be used to prevent
disturbance and cracking of the sample. Soft, plas-
tic soils require thin, sharp knives. Sometimes a
thin piano wire is advantageous.

A faster and more economical method of obtain-
ing undisturbed block samples can be accomplished
with the use of chain saws equipped with specially
fabricated carbide-tipped chains to cut block sam-
ples of fine-grained material and soft rock (fig.
5-58).

In dry climates, moist cloths should be used to
inhibit drying of the sample. After the sample is
cut and trimmed to the desired size and shape, it
should be wrapped with a layer of cheesecloth and
painted with melted, microcrystalline, sealing wax.
Rubbing the partially cooled wax surface with the
bare hands helps seal the pores in the wax. These
operations constitute one layer of protection, and
at least two additional layers of cloth and wax
should be applied.

(b) Protection and Shipping Preparation for
Hand-Cut Undisturbed Samples.—A firmly con-
structed wood box with the top and bottom panels
removed should be placed over the sample before it
is cut from the parent material and lifted for re-
moval. The annular space between the sample and
the walls should be packed with moist sawdust or
similar packing material. The top cover of the box
should then be placed over the packing material.
After removal, the bottom side of the specimen
should be covered with the same number of layers
of cloth and wax as the other surfaces, and the bot-
tom of the box should be placed over the packing
material.

Samples may vary in size; the most common are
6- or 12-inch cubes. In addition, cylindrical samples
6 to 8 inches in diameter and 6 to 12 inches long
are frequently obtained in metal cylinders used to
confine the sample for shipping. Otherwise, the
same trimming and sealing procedures described
above for boxed samples apply.

5.38. Undisturbed Mechanical Sampling Meth-
ods.—Soil samplers used by the Bureau of Recla-
mation are designed to obtain relatively un-
disturbed samples of soils ranging from saturated,
noncohesive soils to hard shale or siltstone. Each
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1. Smooth ground surface and
mark outline of sample.

2. Carefully excavate trench
around sample,
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3. Deepen excavation and trim
sides of sample to desired
size with knife,

1. Carefully smooth face sur-
face and mark outline of
sample,

2. Carefully excavate around
and in back of sample.
Shape sample roughly with
knife,

4. Cut sample from parent
stratum, or encase sample
in box before cutting if sam-
ple is easily disturbed.

(A)

3. Cut sample and carefully
remove from hole, or en-
case sample in box before
cutting if sample is easily
disturbed.

(B)

Figure 5-56.—Initial steps to obtain a hand-cut undisturbed block sample. From (A} bottom of
test pit or level surface, (B) cut bank or side of test pit. PX-D-4788.

soil type dictates the use of a different type of sam-
pling equipment to effectively recover quality sam-
ples. The following paragraphs describe the soil
condition and the type of sampler best suited for
good sample recovery.

(a) Soft, Saturated Cohesive or Noncohesive
Soils.—Soils found near or below the water table
are generally soft and saturated. This type of soil
can be easily disturbed from its natural condition
by sampling. The saturated condition of the soil

acts as a lubricant, and the sample can tear apart
or completely fall from the sampling equipment as
it is being retrieved. For these reasons, specialized
fixed-piston samplers must be used to obtain such
a sample in as undisturbed a condition as possible.

The principal of operation of a fixed-piston sam-
pler is to obtain a sample within a thin-wall cylin-
drical tube by driving the tube into the soil with an
even and uninterrupted hydraulic thrust. The sam-
ple is held within the tube during removal from the
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Two additional layers of cheese cloth ond warm
rubbed wox ore required to sea! the sample --~

*~ One thickness of cheese cloth is placed against
soil, followed by an application of warm
wax, rubbed by hand.

(A.) METHOD FOR SEALING HAND-CUT UNDISTURBED SAMPLES
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,~—Fill space between sealed sample
/ and box with moist sawdust
pocked to support somple.~

(B.) ENCASE EASILY DISTURBED SAMPLES IN BOX PRIOR TO CUTTING

Figure 5-57.—Final steps to obtain a hand-cut undisturbed block sample. PX-D-4783.

drill hole by a vacuum created by a locked piston,
which is an integral part of the sampler.

Three types of fixed-piston samplers are used in
the recovery of soft, saturated soils in the Bureau
of Reclamation. With the Hvorslev sampler and the
Butters sampler, the piston is held stationary while
the sample tube is pushed into the soil by a piston-
rod extension connected to the upper part of the

mast. These samplers require a drill rig with a hol-
low spindle. The third type, the Osterberg sampler,
has a piston that is attached to the head of the
sampler. Sample recovery is accomplished by pump-
ing hydraulic pressure down the drill rod to push
the thinwall sample tube into the soil. A fluid by-
pass system manufactured into the sampler stops
the penetration of the sampler tube at 30 inches.
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Figure 5-58.—Chain saw equipped with carbide-tipped blade being used to cut block
sample.

The sample is removed from the borehole by re-
moving all rods and the sampler from the hole.

(b) Soft to Moderately Firm Cohesive Soils.—
Soft to moderately firm cohesive soils found in
surficial deposits above the water table can be
sampled in as undisturbed a condition as possible
with the use of relatively simple sampling methods.
The sampling equipment used in the Bureau of
Reclamation for this type of soil includes the thin-
wall drive sampler and the hollow-stem auger
sampler. The following paragraphs discuss each
sampler and the operational procedures necessary
to ensure the recovery of a quality representative
soil sample.

(1) Thin-Wall Drive Samplers.—Thin-wall drive
samplers were developed primarily for obtaining
undisturbed soil core samples of soft to moderately
firm cohesive soils. The sampler consists of a thin-
wall metal tube attached to a sampler head con-
taining a ball check valve. The principal of opera-
tion is to push the sampler without rotation into
the soil at a controlled penetration rate and pres-
sure. The sample is held in the tube primarily by a
soil cohesion bond to the inner tube, assisted by a
partial vacuum created by the ball check valve in
the sampler head.

The Bureau of Reclamation commonly uses thin-
wall sampling equipment designed to recover either

3- or 5-inch-diameter soil cores. The size require-
ments depend primarily upon the use of the sample.
For moisture-unit weight determinations, a 3-inch
sample will suffice. However, for most laboratory
testing, a 5-inch sample is required. Laboratory
testing requires that the sample be contained in a
thin metal sleeve rather than in the heavier thin-
wall tube. For this requirement, a special 5-inch
thin-wall tube was developed with external threads
to which a cutting bit is attached. The bit is de-
signed with an internal recess that supports the
bottom edge of a sheet metal sleeve contained
within the thin-wall sampling tube.

(2) Hollow-Stem Auger Samplers.—Three types

of sampling operations for the recovery of soft to
moderately firm cohesive soils are available with the
use of hollow-stem augers.
- The first type of sampling operation is accom-
plished by drilling to the sampling depth with a
hollow-stem auger equipped with a center plug bit.
The plug bit is attached to drill rods positioned
within the hollow-stem auger. At the sampling
depth, the drill rods and plug bit are removed, and
a thin-wall drive sampler is lowered to the bottom
of the hole. After the sample is recovered, the plug
bit is replaced, and augering continues to the next
sampling depth.

A second type of hollow-stem auger sampling op-
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eration involves a wireline latch system to lock the
plug bit and soil sampler within the lead hollow-
stem auger. After the auger has advanced to the
sampling depth, an overshot assembly is lowered by
wireline to unlock and latch onto the plug bit for
removal from the hole. A thin-wall sampler with a
head bearing assembly is then lowered by wireline
and locked within the lead auger section. Sampling
1s accomplished by continued auger rotation and
penetration, which allows the center core material
to enter the thin wall sampler. The head bearing
assembly on the sampler allows the sample tube to
remain stationary while the auger is rotating. At
the end of the sample run, the overshot is lowered
by wireline to release the sampler lock mechanism,
latch onto the sampler, and remove it with the soil
sample from the hole.

The third and most recently developed hollow-
stem auger sampling system involves the use of rods
to lower, hold, and hoist a continuous sampler unit
designed to recover samples during auger penetra-
tion. This system positively eliminates rotation of
the sampler as the auger rotates. It is considered
the best mechanical sampling system available for
the recovery of undisturbed soil samples by hollow-
stem auger.

The stability of any sampling tool is critical to
the recovery of representative undisturbed samples.
With hollow-stem augers, the inner barrel or sam-
ple tube that receives the soil core must prevent
rotation as the soil enters the sampler. A sampler
with a head bearing assembly can rotate if cuttings
are allowed to accumulate in the annulus between
the outer rotating auger and the inner sample bar-
rel. To eliminate any chance of movement, the con-
tinuous sampler system is rigidly connected to rods
that extend up the hollow-stem auger to a yoke lo-
cated above the rotating auger drillhead. The auger
is then allowed to rotate for drilling penetration,
and the sampler within the auger is held stationary
to prevent rotation as the soil core enters the sam-
ple tube.

To recover a sample from the continuous sampler
system, all sampler connecting rods and the sampler
are removed from the auger to retrieve the soil core.
This is followed by lowering the sampling unit to
the hole bottom for the continuation of sampling
operations.

(c) Medium to Hard Soils and Shales.—Medium
to hard soils and shales located both above and be-
low the water table can usually be sampled in an

undisturbed condition by the use of double-tubed
coring barrels. The three types of core barrels com-
monly used in the Bureau of Reclamation are the
Pitcher sampler, Denison core barrel, and DCDMA
(Diamond Core Drill Manufacturers Association)
series 4- by 5%-inch and 6- by 7%-inch core barrels.
The DCDMA series barrels can be converted to per-
form diamond coring for rock sampling. The fol-
lowing paragraphs discuss each sampler and the
procedures necessary to ensure the recovery of a
quality representative soil sample.

(1) Pitcher Sampler.—The Pitcher sampler was
developed primarily for obtaining undisturbed soil
core samples of medium to hard soils and shales.
One advantage of using the Pitcher sampler over
other types of soil core barrels is that it has a spring-
loaded inner barrel, which permits the trimming
shoe to protrude or retract with changes in soil
firmness. In extremely firm soils, the spring com-
presses until the cutting edge of the inner barrel
shoe is flush with the crest of the outer barrel cut-
ting teeth. In soft soils, the spring extends and the
inner barrel shoe protrudes below the outer barrel
bit, preventing damage to the sample by the drilling
fluid and the drilling action.

Although the Pitcher sampler is available in var-
ious sizes for obtaining cores from 3 to 6 inches in
diameter, the Bureau’s laboratory requirements
normally dictate 6-inch core recovery; therefore, a
6- by 73%4-inch Pitcher sampler is used. This sampler
was designed to use 6-inch thin-wall tubes as the
inner barrel. The soil core is normally contained
within the thin-wall tube, and a new tube is nor-
mally attached to the sampler for each sampling
run. However, the Bureau of Reclamation has
changed the inner barrel configuration to one that
contains sheet metal liners for the soil core, rather
than thinwall tubes. The modified inner barrel is
threaded for attachment of a trimming shoe with a
recess milled to contain the sheet metal liner. The
metal liners are preferred for laboratory testing be-
cause they are more easily opened, and because it
is easier to remove the core and, therefore, eliminate
possible damage to the core.

(2) Denison Sampler.—~The Denison sampler
was developed to obtain large-diameter undisturbed
cores of cohesive soils and shales that have medium
to hard consistency. Although many consider it an
extremely reliable sampling barrel (occasionally
cores of noncohesive sands and silts have been ob-
tained with the Denison sampler), others consider
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it outdated and believe it should be replaced with
the Pitcher sampler or the new large-diameter se-
ries sampling barrels (6 by 7% inches). All of the
arguments against the Denison sampling barrel
arise from the problem of having to manually adjust
the position relationship between the outer barrel
cutting bit and the inner barrel trimming shoe ac-
cording to the consistency of the soil. The required
settings must be determined by the operator before
each sampling run. The settings are achieved by
interchanging varied lengths of outer barrel cutting
bits to conform with the type and consistency of
the soil. The proper cutting bit for various soil con-
sistencies is selected as described below.

¢ Soft soil samples can be obtained with a short
cutting bit attached to the outer barrel so that
the inner barrel trimming shoe protrudes ap-
proximately 3 inches beyond the bit. The shoe
acts as a stationary drive sampler, trims and
slides over the sample, and protects the core
from drill-fluid erosion or contamination.

» Firm soil samples can be obtained by attaching
a cutting bit having a length that will position
the crown of the bit teeth approximately flush
with the inner barrel shoe trimming edge. With
this setting, the bit teeth cut the core simul-
taneously with the trimming of the core by the
shoe. The shoe continues to provide some pro-
tection to the sample from the drill fluid be-
cause most of the fluid circulates between the
teeth openings rather than through the crown
area.

+ Hard soil samples are obtained by attaching a
cutting bit having a length that will position
the teeth approximately 1 to 2 inches below the
trimming shoe. This setting is intended only
for nonerodible soils because the entire sample
is subjected to drill fluid circulation before it
is contained within the trimming shoe.

(3) Large-Diameter Hi-Recovery Core Barrels.—
The increased demand for large diameter soil sam-
ples for laboratory testing became obvious to man-
ufacturers of conventional rock coring equipment
in the late 1960's. To compete successfully with
strictly soil-sampling core barrels (e.g., Denison and
Pitcher core barrels), the DCDMA developed stan-
dards for a large-diameter core barrel with the ver-
satility to sample both soil and rock cores. These
core barrels have a variety of interchangeable parts
that are used to convert the basic rock core barrel
so that it is able to core medium to hard soils and

shales, fragmentary rock, rock with soil lenses, and
homogeneous rock.

Some of the interchangeable parts and their
functions are as follows:

* A clay bit with face extension to trim and ad-
vance over the softer clay soils and protect the
core from drill-fluid erosion

» A spring-loaded inner barrel to protrude in
front of the core barrel for soft soils and retract
into the core barrel for harder soils

* A split inner barrel for coring shales, soft rock,
fragmented rock, and lensed rock

* A single-tube inner barrel for coring homoge-
neous hard rock

The Bureau of Reclamation has successfully used
both the 4- by 5%-inch core barrel and the 6- by
7%-inch core barrel, depending upon the size re-
quirements of the laboratory. A metal liner should
be inserted inside the inner barrel to contain and
seal the core sample for shipment to the laboratory.

5.39. Rock Coring Methods.—Rotary drilling
and sampling methods may be used for both hard
and soft bedrock. Core barrels can obtain cores from
% to 6 inches in diameter. There are three principal
types of core barrels: (1) single-tube, (2) double-
tube, and (3) triple-tube.

The single-tube core barrel which has the sim-
plest design, consists of a core barrel head, a core
barrel, and an attached coring bit that cuts an an-
nular groove that permits passage of drilling fluid
pumped through the drill rod. This design exposes
the core to drilling fluid over its entire length, which
results in serious core erosion of the unconsolidated
or weakly cemented materials. Therefore, the single
tube core barrel is no loner used except in unusual
situations, such as in concrete sampling and in the
use of “packsack-type” one-man drills.

The double-tube core barrel (fig. 5-59), prefer-
ably with a split inner tube in addition to the outer
rotating barrel, provides an inner stationary barrel
that protects the core from the drilling fluid and
reduces the torsional forces transmitted to the core.
The double-tube barrel is used to sample most rock,
and may be used to obtain cores in hard, brittle, or
poorly cemented materials, such as shale and silt-
stone or cores of soft, partially consolidated or
weakly cemented soils. For these materials, hard
metal drill bits are used. Many of the double-tube
core barrels have been slightly modified to allow a
sample liner to be inserted in the inner barrel. This
modification allows the liner to serve as a shipping
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Figure 5-59.—Double-tube core barrel used for obtaining samples of rock. 288-D-2514.

container for the core and eliminates the possibility
of damaging the core when removing it from the
inner barrel.

The triple-tube core barrel has been designed
with a rotating outer barrel, stationary inner barrel,
and a split liner inside the inner barrel to accept
the core sample. Plastic or metal sample containers
may be used in lieu of the split liner for shipping
purposes.

Core samplers also have been designed with a
spring-loaded retractable inner barrel, which ena-
bles the same type of core barrel to be used for
coring either soil or rock. The retractable inner bar-
rel and soil-coring bits are replaced with a standard
inner barrel and diamond bits for rock coring. As
the cores are removed from the core barrels, they
are placed in core boxes and logged.

A more complete explanation of single-,
double-, and triple-tube samplers and their uses is
given in Test Designation USBR 7105 in the Bu-

reau’s Earth Manual [7].

The DCDMA (Diamond Core Drill Manufacturers
Association), which is composed of members from
the United States and Canada, has established di-
mensional standards for a series of nesting casings
with corresponding sizes for bits and drill rods. The
DCDMA standards for core-drill bits, casings, and
drill rods are shown on figures 5-60 through 5-64.

The size combination is such that HX core-
barrel bits will pass through flush-coupled HX cas-
ing (flush-coupled casing is denoted by the group
letter X) and will drill a hole large enough to admit
flush-coupled NX casing (the next smaller size) and
so on to the RX size. Flush-joint casing, denoted
by group letter W, is such that 34- by 6-inch (nom-
inal) core-barrel bits will pass through ZW casing
and will drill a hole large enough to admit flush-
jointed UW casing (next smaller size) and so on to
the RW size.

J. LOGGING EXPLORATIONS

5.40. Identification of Holes.—To ensure com-
pleteness of the exploration record and to eliminate
confusion, test holes should be numbcred in the
order they are drilled, and the numbering series
should be continuous through the various stages of
investigation. If a hole is planned and programed,
it is preferable to maintain the hole number in the
record as “not drilled” with an explanatory note
rather than to use the hole number elsewhere.
When explorations cover several areas, such as al-
ternative damsites or different borrow areas, a new
series of numbers or suffixes for each damsite or
borrow area should be used.

Exploration numbers should be prefixed with a
2- or 3-letter designation to describe the type of
exploration. The letter designations used frequently

are listed below with the types of explorations they
identify.

DH Drillhole

AH  Auger hole (hand)

AP  Auger hole (power)

CH Churn-drill hole

PR  Penetration-resistance hole

VT  Vane test

DS  Dutch Cone

TP  Test pit

DT Dozer trench

BHT Backhoe trench

SPT Standard penetration-resistance test hole

PT  Pitcher

DN Denison

OW  Observation well
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THREE LETTER NAMES

FIRST LETTER

SECOND LETTER

THIRD LETTER

HOLE SIZE

GROUP

DESIGN

Casing, core barrel, dia -
mond bit, reaming sheli
ond drill rods designed
to be used together for
drilling an approximate
hole size.

Key diameters standardized
on an integrated group
basis for progressively
reducing hole size with
nesting casings.

The standardization of other
dimensions, including thread
characteristics, 1o permit
interchangeability of ports
made by different manu-
facturers

Letter Inches Miliimeters

R [ 25
3 ¥ 40
A 2 50
8 2% 65
N 3 75
K 3f 90
H 4 100
P 5 125
S 6 150
v 7 175
z 8 200

Letters X and W are syn-
onymous when used as the
GROUP (second) letter.
Any DCDMA standard tool
with an X or W as the
GROUP fetter belongs in
that DCDMA integroted
group of tools designed
using nesting casings and
tools of sufficient
strength to reach greater
depths with minimum re-
ductions in core diometer

The DESIGN (third) letter
designates the specific
design of that particular
too!. It does not indic-
ate a type of design.

TWO LETTER NAMES

FIRST LETTER

SECOND LETTER ]

HOLE SIZE

GROUP AND DESIGN

Approximate hole size ,
same as in 3 -letter
names.

GROUP standardization of
key diameters for group
integration and DESIGN
standardization of other
dimensions affecting
interchangeability.

Figure 5-60.—Nomenclature for diamond-core drill equipment. {Diamond
Core Drill Manufacturers Association). 288-D-2887.

5.41. log Forms.—A log is a written record of
the data on the materials and conditions encoun-
tered in each exploration. It provides the funda-
mental facts on which all subsequent conclusions
are based, such as need for additional exploration
or testing, feasibility of the site, design treatment
required, cost of construction, method of construc-
tion, and evaluation of structure performance. A log
may present pertinent and important information
that is used over a period of years; it may be needed
to delineate accurately a change of conditions with
the passage of time; it may form an important part
of contract documents; and it may serve as evidence
in a court of law. Each log, therefore, should be
accurate, clear, and complete. Log forms are used
to record and provide the required information. Ex-
amples of logs for three types of exploratory holes
are:

» Geologic log of a drill hole (fig. 5-65).—This

form is suitable for all types of core borings.

» Log of test pit or auger hole (fig. 5-66).—This
form is suitable for all types (but primarily in
surficial deposits) of exploratory holes that
produce complete but disturbed samples.,

¢+ Penetration-resistance log (fig. 5-67).—This
form can be used for exploratory holes that test
the inplace soil conditions.

Records of tunnels, shafts and large trenches are
best presented on drawings and dam sheets; these
drawings should also contain the pertinent infor-
mation outlined on figure 5-65. Test pits and
smaller trenches require separate logs.

The headings on the log forms provide spaces for
identifying information such as project, feature,
hole number, location, elevation, dates started and
completed, and the name of the logger.

The body of the log forms are divided into a series
of columns covering the various kinds of informa-
tion required according to the type of exploration.

When logging surficial deposits, every stratum of
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Figure 5-61.—Size variations for core-drill casing. ([Diamond Core Drill Manufac-

turers Association). 288

-D-2888.
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Approximate

Size Designations core diameter

Casing coupling

Casing;
Casing
| ) Core
coupling;j Rod , | Casing oD, | 1.0, C_usmg barrel Orill Normal, [Thinwall,
Cosing | Rod 00, inches | inches bit, 0. bit 0.0 rod ao, inches | inches
) .0,
bits; (couplings| inches X inches inches & inches
Core
barrel
bits
RX RW 1437 | 1437 | 1.188 | 1485 1.160 1.094 — 735
EX E 1812 | 1.812 | 1.500 | 1.875 1470 | 1.3t3 845 905
AX A 2250 | 2250 | 1906 | 2345 1875 1.625 1185 | 1.281
8X 8 2875 | 2875 | 2375 | 2965 | 2.345 | 1.906 | 1655 | 1.750

NX N 3500 | 3500 | 3000 | 3615 | 2965 | 2375 | 2155 |2.313
HX HW | 4500 [ 4500 | 3938 |4.625 | 3890 | 3.500 | 3.000 |3./187

RW RW 1 437 1485 | 1160 | 1094 — 735
EW Ew 1812 1875 | 1470 | 1375 845 805
Aw AW 2250 2345 | 1875 | 1.750 | (i85 | 1.281

BW BW | 2875 2965 | 2345 | 2125 | 1655 | 1.750
NW NW | 3.500 3615 | 2965 | 2625 | 2155 | 2313
HW HwW | 4500 4625 | 3890 | 3500 | 3000 | 3187

Flush joint
No coupling

PW — 5500 5650 — - - —
SW — 6625 6.790 — — — et
uw — 7625 7800 —_ — —_— -
W — 8625 8810 — — —_ —
bt AX_ L — - - - 1875 | 1750 | 1.000 —
— BX — — — —_ 2345 | 2250 | 1437 —
— NX L — — — - 2965 | 2813 | 1937 —_

* For hole diometer approximation, assume 37 inch lorger than core
barrel bit.

_!/Wire line size designation, drill rod only, serves as both casing ond drill
rod. Wire line core bit, and core diameters vary slightly occording to
manufacturer

Figure 5-62.—Nominal dimensions for drill casings and
accessories. (Diamond Core Drill Manufacturers As-
sociation). 288-D-2889.

material that is substantially different in compo-
sition from either the overlying or the underlying
strata should be located by depth interval, sepa-
rately classified, and described in the body of the
log. In explorations other than those for structural
foundations, thin layers or lenses of different ma-
terial in a relatively uniform stratum of material
should be described, but need not be separately
classified on the log; for example, “a 1-inch-thick
discontinuous lens of fine sand occurs at 7-foot
depth.” However, logs of foundation explorations
for structures should indicate the location by depth
of all lenses and layers of material and include the
classification in addition to a detailed description
of the material.

Machine-excavated test pits or test trenches may
require more than one log to adequately describe
the variations in materials found in different por-
tions of the pit or trench. The initial log of such
pits or trenches should describe a vertical section

Nominal * Set size ¥

Coring bit size

00 D 0D 1D

5 3 an
RWT - 2 1.160 725
EWT Iy 2 1.470 905
EX, EXL,EWG, EWM V5 2 | 470 845

T EN B T
AWT | 8 I32 ] L875 1 281
AX, AXL, AWG , AWM 1+ iz 1 875 1185

3 3
BWT 23 15 2.345 I 750
BX, BXL, BWG, BWM 22 2 2 345 1.655
NWT 3 22 2 965 2313
NX,NXL, NWG, NWM 3 24 2.965 2.155

29 3
HWT 38 L 3 889 3187
HWG 38 3 3 889 3.000
3 43I z E 2690
23 x 3% 34 23 3 840 2 690

i 1 )
4 x5 5+ 4 5435 3.970
3 3

6x 72 73 6 7655 5.970
AX Wire line _1J L& I | 875 1.000
BX Wire line _/ 23 & 2345 | 437
NX Wire line L/ 3 e 2 965 1.937

% All dimensions are in inches, to convert to millimeters, multiply by 254.
_I/ Wire line dimensions and designations moy vary according to manufacturer

Figure 5-63.—Standard coring-bit sizes. (Diamond Core
Drill Manufacturers Association). 288-D-2890.

at the deepest part of the excavation and is usually
taken at the center of one wall of the pit or trench.
If this one log does not adequately describe the var-
iations in the different strata exposed by the pit or
trench, additional logs for other locations within
the test excavation should be prepared to give a true
representation of all strata encountered in the test
pit or trench. In long trenches, at least one log
should be prepared for each 50 feet of trench wall,
regardless of the uniformity of the material or
strata. A geologic section of one or both walls of
test trenches is desir?ble and may be required to
describe variations in strata and material between
log locations. When more than one log is needed to
describe the material in an exploratory pit or
trench, coordinate location and ground surface el-
evation should be given for each point for which a
log is prepared. A plan geologic map and geologic
sections should be prepared for large trenches.
5.42. Information on Log Forms.—A log should
always contain information on the size of the hole
and on the type of equipment used for boring or
excavating the hole. This should include the kind
of drilling bit used on drill holes and a description
of either the excavation equipment (or type of au-
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Rod and
Rod Coupling
Size Remarks coupling Threads
designation 00D D D per inch
£ -5 1313 844 438 3
S .8
A 285 | 625 | 266 563 3
2 &
B L= 1,906 | 406 625 5
el [=a
©_ &
N L E 2 375 2.000 1.000 4
RW I 094 719 406 4
EW T I 375 I 000 437 3
=3
AW 8 1718 1344 625 3
5
BW = 2125 1,750 750 3
73
F— (73
NW g 2 625 2.250 1375 3
HW 3500 3 062 2 375 3
KWY ® BT | 287 2312 1375 4
L 1 §8a .
HWY SEZ | 3500 2 875 1.750 4
AQ _ 1.750 1375 - 4
= o - i AN S —
8Q - 3 8 2188 1813 — 3
ol E b -
NQ Ea7 2.750 2375 — 3
v 22
HQ ] 3500 3.063 - 3
PQ = 3900 2/ 4063 a0e3 | 3
4625

1/ Wire line drill rod dimensions ond designotions may vary
according to manufacturer

2/ For PQ size designation, rod 0.0 =
0.D. = 4.625 inches

4.500 inches and coupling

Figure 5-64.—Standard drill-rod sizes. (Diamond Core
Drill Manufacturers Association). 288-D-2891.

ger) used or the method of excavating test pits or
trenches. The location from which samples are col-
lected should be indicated on the logs, and the
amount of core material recovered should be ex-
pressed as a percentage of each length of penetra-
tion of the barrel. The logs should also show the
extent and the method of support used as the hole
is deepened, such as the size and depth of casing,
the location and extent of grouting, the type of drill-
ing mud, or the type of shoring in test pits or
trenches. Caving or squeezing material also should
be noted.

Information on the presence or absence of water
levels and comments on the reliablility of these data
should be recorded on all logs. The date measure-
ments are made should also be recorded, since water
levels fluctuate seasonally. Water levels should be
recorded periodically as the test hole is deepened
from the time water is first encountered. Upon com-
pletion of drilling, the hole should be bailed and
allowed to recover overnight to obtain a more ac-
curate level measurement. Perched water tables and
water under artesian pressure are important to

note. The extent of water-bearing members should
be noted, and areas where water is lost as the boring
proceeds should be reported. The log should contain
information on the water tests made at intervals,
as described in section 5.46. Because it may be de-
sirable to maintain periodic records of water level
fluctuations in drilled holes, it should be deter-
mined whether this is required before abandoning
and plugging the exploratory hole.

Where cobbles and boulders are encountered in
explorations for sources of embankment materials,
it is important to determine their percentage by
volume. The log form for a test pit or auger hole
(fig. 5-66) includes a method for obtaining the per-
centage by volume of 3- to 5-inch rock and of rock
over 5 inches in diameter. The method involves
weighing the rock, converting this weight to solid
volume of rock, and measuring the volume of hole
containing the rock. This determination can be
made either on the total volume of stratum exca-
vated or on a representative portion of the stratum
by the use of a sampling trench, which is described
in section 5.34(a).

For test holes and pits, a statement giving the
reason for stopping the hole should be made under
“Remarks” in the log. For all other types of bore
holes, a statement should be made at the end of the
log that the work was completed as required, or a
statement explaining why the hole was abandoned.

The data required for geologic logs of drill holes
(fig. 5-65) include adequate descriptions of surficial
deposits and bedrock encountered, a detailed sum-
mary of drilling methods and conditions, and the
recording of appropriate physical characteristics
and indexes to ensure that adequate engineering
data are available for geologic interpretation and
design analyses. The log form is divided into three
basic sections: drilling notes (in the left column);
indexes, notes, and water tests (center column); and
classification and physical conditions (right col-
umn). The data required for each column of the
geologic log of a drill hole (fig. 5-65) are described
below.

(a) Drilling Notes Column.—Comments in this
column should come from geologists’ notes and
from information on the drillers’ Daily Drill
Reports.

Drill Site: General physical description of the lo-
cation of the drill hole. If possible, provide location
information based on offset and stationing of the
feature.
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FEATURE ... . EXAMPLE ... PROJECT ..o STATE .. ......... sHEET. 1. . 0F . 2. motewo . DH-123
o GPO 1980 682-851

Figure 5-65.—Example geologic log of a drill hole. (Sheet 1 of 2).



FOUNDATIONS AND CONSTRUCTION MATERIALS 167

GEOLOGIC LOG OF DRILL HOLE sweet. .. 2 or 2.
FEATURE . EXA"PLE ............................. PROJECT. . .. e STATE. . ..........
HOLE NO DH-123 LOCATION. . . ... . GROUND ELEY DIP (ANGLE FR ;
......... COORDS. E TOTAL P 1LE OM HORIZ ). . . ..
BEGUN . .......... FINISHED DEPTH OF OVERBURDEN . ... ......... DEPTH. .. ....... BEARING. . .. ........... ... ... ....
DEPTH AND ELEV. OF WATER
LEVEL AND DATE MEASURED. . ... ... ... ... ...y LOGGED BY . . . .. .« it i LOG REVIEWED BY. . . . ... . ...............
% PERCOLATION TESTS o T 3
SR Y [P e T e | SEE | B |y |B
LOSSES A ) AND x ro | oF ge | Zo |2= CLASSIFICATIO
5:3'.:?; SNDOTHER | oF 8§ reen Loss g 2+ wte |8 33 ;E PHYSICAL CONDITION
DRILLING CONDITIONS HOLE @ FROM 3 oy O 3+
P, Cs, TO a <
(%) | ‘or Cm} (G.PM | (P.S.1) | (MIND P
Casingand Cementingl 0.4 0.4 9.4 g5 | 9 / 37(.12745,5‘; Altered Ash Flgu Tuft.
i . b eddish-brown. ragments can De
o S fey SR 1] bt e it Tt o e
2:: %8 (5)(2):851 o 0.0{ 25 5 ] ments powder w/Tight finger pressuve.
NxCs 8.0 §.2-10.8 107.00117.0] 6.0 25 5 Very Intensely Fractures. Core
NxCs 10.010.8-15.6"| 10 : ' 0.0 50 2 no- recovered in Tengthsto 0.5', mostly
NxCs 23.023.8-63.5 0.1/ 100 g fragments to 0.2° core segments.
WxCs 48.063.5-80.0' : Thin_discontinuous brown clay films
CH cer&]gn?d 8(1)391 5‘ ‘/ on all joint surfaces.
to 4.2 . 2022.0 ] // 49.6-63.2": Basalt(Tb). Gray to black.
Drilling Fluid Coler p B B Y Moderately to lightly vesicular, ves-
i et icles_decrease with depth. Ios
and Return 20 116.0[126.0! 0Q.3| 25 5 120 (:L\;\/F vesicles 1/16 to 1/2", largest 5/8"
Interval Color % 1.9/ 50 512018, 4" -0 across; coated or filled with soft clay.
Drilled Return %% 1%8 1(5) j/// Lightly Weathered. Core scratches with
- ' - . 17 moderate knife pressure, and breaks 60
0.0-5.2 'E?gwn 0.25 0.2 25 5 2014']"—*'4,\/%- to 90° to core gxis with moderate ham-
5.2-8.0': red- 40 p | 17 mer blow. Moderately Ffi@l!ier‘i'
1 : .5tc].3"1 ths;
g.0-9.50°0" ol 124.3138.3) 0.1 25 | 5 m;[// Rosorens 30t YiaE Setes HiY of el
9.5-23.5:gray 0-15 Q.11 50 5 ] to 90°, 2 fractures cross core axis at
3.5-  :gray to 90 0.3/ 100 5 ] / 53,6 and 61,2, irregular surfaces
29.5' red-gray 0.1] 25 5 2004.9 1 / with oxide stains; (2] Dips O to 30°,
59.5 gray 50 3 = 3 spaced 0,5-2.9°, Jrreqular rough sur-
63.5' ] ] faces, with thin, disContinuous clay
53.5-  :revert, 80 || CLASSIFICATION AND PHYSICAL CONDITION coatings.
88009 .bl;‘e to 90 3 CONT'D 50.3-51.4": Intensely Fractures.
1343 'gregnish ] 117.2-120.8': Dike. Light gray, 1 59.2-63.2': [100% joints). Core
aray ] fine-grained. Upper contact ] recovered as b.2 19 0.3 lengths,
Depths to liater : welded, dips 28°, lower contact 1 maximyri length Q.57 joints dip
: = R brok go? i R to 35%; spaced 0.2 1670.4 rre ular,
During Drilling & 3 roken, dips 35°: Lightl b :
ouring vrilling & X L rough surfaces, joints open and filled
Water Level ] Weathered. Solution pitting ] with up to 1/4% of buff colored clay.
Date  Depth Depth| 1 to 1/8". Core breaks with 1 63.2-134.3': Jurassic Metamorphic Rock
~S uaber fofe | moderate harmer blow. ﬁ_ll"te““ b 63.2-134.3': Amphibolite Schist {Jam)
§-26-81 5.0 15.8 ] to Moderately Fractured. ~(I00% Dark green to greenish gray, fine-
8-27-81 7.9 32.6 ] joints).” Joints are randomly grainéd, schistose tosu sc%w’stose, com-
8-28-81 4.5 50.0 ] oriented and spaced; surfaces posed chiefly of hornblende and quartz
8-29-81 53.1 68.0 B are irregular and rough; no sets b with calcite veinlets to 3/4" along
9-02-81 89.2 92.7* 1 discernible. Recovergd mostly schistosity and epidote stringers °
9-03-81 107.6—105.8: ] as 0.3 to 8.7' core lengths. ] throughout™ i
&g-g gty 122.3-134.3: Fresh. No oxidation | 63:2-12213': Lightly Weathered. Red-
3-08-81 107.6-134.3 ] on discontinuities. Core breaks 1 brown oxidation stains on most dis-
9-10-81 105.4-134.3 1 along schistosity or across axis continuities. ~Core breaks along
10-1-81103,2-134.3 ] with“heavy hammer blow; scratches schistosity with moderatehtg heﬁvyf
11-12-81101.6-134.3 with heavy knife pressure. Lightly ] hggggﬁrglow, scratches w/heavy kmife
*}7'8?2-551110:&8a—t13ezln.d3 ] Fractured, except as noted below : Roderately Fractured. (60% joints,
of shift 1 [65% Joints, 332 qleavage). Recovered 30% cleavage) except as noted below.
Time Regquired tc Com B In_Jengths to 4.2°, mostly 1.6 to ] Core recoyéred in lengths to 1.8',

- 1 2.7 C'Igavage djps 65 to 70°; ] mostly 0.6 to 1.3'. Cleavage dips
lete Hole: 118 hrs. 1 spaced 1,5 to"4.5 ." Joint sets 65° spaced 0.8to 1.9'. Two joint set-
includes 13 hrs, noted: 1) Dips 15-35°, spaced 1.5 1 noted: (fl Dips 15-30°, spaced 0 7
rmobilization and 5 ] to 5.3', mQst surfaces smooth, B to 2.0', smooth, coated with oxides of
hrs. downtime due td ] planar; (2? Dips 18-25° normal to ] Fe and Pin; ?2 Bips 5-10°, normal to
Bump failure, ] set (1}, spaced i to 6.57, most 1 set (1), spaced 0.4t02,5", most sur-
iole Completion: surfaces planar & smooth, about 5% ] faces smooth, locally minor slicken-
Left 458.0" NxCs in ] with minor slickensides, 10% healed . sides.
holes hole capped ] by Qtzocal, o ] 87.2-101.2':Light1y Fractured. (50%
for v’later-]eveﬁ) JA-ler.70:  Intensely Fractured. joints,50% cleavage).Core recovered
readings. Hole (50% Joints 50% cleavage). Rec- in Jengihs to 2.9", mostly 1.6 to
reacheg pre- B gvere in ]engths to 076, mostly N L1,
determined depth. ] .3, t0 0.4, ° ] 113.2-117.2': Intensely Fractured.

12§'1'125-8 : Shear Zone. 0.5' (80% joint, 20% cleavage). Core
] thick. No Recovery. 125.1- p recovéred in Tengths to70.7', mostl
b 125.3',  Upper cgnta t (7); Jower 0.3 to 0.4".
] contact dips 6?- 7° ?sgbgara]?e] CONTINUED IN CENTER COLUMN.
to schistosity : Co\ggw]s of ]
— reen, moist, soft clay gouge
] and 05171818 iy laty, 90U
1 slickensided, amp ibolite” frag- ]
] nts. Lower 1/2" of shear ig )
healed by quartz calcite, Frag-
ments break with heavy finger
pressure.
CORE
LOSS
Typeofhole . .. ... .. ... .. D = Diomond, H = Haystellite, $ = Shot, C = Churn
CORE rore sealed .”'.7.‘. ()( N ' : =;P.IqA(1I(Ve2r',va icimf,";?ad-"cs = Botto
RECOVERY | e of core (X.sevies) . \Ex = 778", ' Ax = 1.1

Outside dio. of casing (X-series). Ex = 1.13716"", Ax = 2.174"",

fnside dia. of casing (X-series). . Ex = 1-1°2", Ax =1.29732"

FEATURE EXAMPLE ... .PROJECT ...... . L LUSTATE . ... ... ... SHEET. 2 . OF . 2 . HotE no. . DH7123

wGPO 1980 6B Z -85

Figure 5-65.—Example geologic log of a drill hole. (Sheet 2 of 2).
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7'1336-A (1-86)

;
Bureau of Reclamation LOG OF TEST PIT OR AUGER HOLE l HOLE NO. _MaA_.._
FEATURE Nhat?'it Dam i PROJECT Dohicky Central
ARea DEsiGNaTiION __SPiliway Foundation GROUND ELEVATION 1234.7 ft
COORDINATES N 1111 e_ 2222 METHOD OF EXPLORATION backhoe
APPROXIMATE DIMENSIONS ___8 by 12 ft LOGGED BY A. Purson
DEPTH WATER ENCOUNTERED 1/ _NON€  pATE DATE(S) LoGGeD —1-25 to 1-26, 1986
% PLUS 3 in

CLASSIFICATION

GROuUP
SYMBOL
{describe

sample taken)

CLASSIFICATION AND DESCRIPTION OF MATERIAL

SEE USBR 5000, 5005

(BY VOLUME)

in

3-

S -
12
in

PLUS
12
in

CL 0.0 to 4.2 ft LEAN CLAY: About 90% fines with medium
plasticity, high dry strength, medium toughness; about
three 10% predominantly fine sand; maximum size, medium sand;
sack strong reaction with HCI.
samples
IN-PLACE CONDITION: Soft, homogeneous, wet, brown.
Three 50-1bm sack samples taken from 12-inch-wide sampling
trench for entire interval on north side of test pit. Samples
mixed and quartered.
4.2 ft
(SC)g 4.2 to 9.8 ft CLAYEY SAND WITH GRAVEL: About 50% coarse
to fine, hard, subangular to subrounded sand; about 25%
block fine, hard, subangular to subrounded gravel; about 25%
sample fines with medium plasticity, high dry strength, medium
toughness; maximum size, 20 mm; weak reaction with HC1.
IN-PLACE CONDITION: Firm, homogeneous except for occasional
Tenses of clean fine sand 1/4 inch to 1 inch thick,
moist, reddish-brown.
12- by 12-inch block sample taken at 6.0 to 7.0 ft
depth, at center of south side of test pit.
9.8 ft
rRemARks: Excavated with Yonka 677 backhoe Observation well installed
_Date Depth to water
1-31-86 7.4 ft
4-13-86 4.2 ft
8-28-86 9.7 ft

1/ Report to nearest 0.1 foot

Figure 5-66.—Example log of test pit or auger hole.

GPO 849-366
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7-1334 (9-71)
Buresu of Reciamation SUBSURFACE EXPLORATION - PENETRATION RESISTANCE AND LOG
Feature __ Example Project State
Hole No. PR=_44 C N _1.771,612 ._411,119 Ground Elevation ___19-1 ft.
Depth and Elev.
of Water Level* _ 9.1 fr. 10.1 ft.|.ocation__ See drawing No. Total Depth 99.5 ft.
*Date d_7-16- Date Begun ___T=14~ Finished __7-15- Logged by Approved by
o I | o[ o | O
Water losses, type and size x| 5. | =% el =~ | £ . 140
of hole, driliing method | 2% | £S | B @8] & | &8 |Weightof Hammer 222 Ib. CLASSIFICATION AND
and conditions, Caving | 38 | 2% ;‘% ;; W 54 Heightof Drop 30 in. DESCRIPTION OF MATERIAL
wl
and other information & o |72 10 0 0 40
Set NX Cs to 29.0' . -0-2' Clayey SAND, about 80% fine
Used 5" drive tube 00 sand, about 20% fines of medium
M .
and auger from 0 L L2 ] plasticity, brown, moist, (SC)
u 6 | 17.5x T
to 14 L A
I 2'-5"' Lean CLAY, about 80%
N 1 i A N S —.] medium plasticity fines, about
T [
Wash bored from 14’ 10 X S 207 fine sand, tan, moist, (CL)
26.5" .
te - 4 - ] 5'-26.5' Poorly-graded SAND, about
[ 12 X 10 ° 95% fine sand, about 5% nonplastic
r . . fines, tan, moist to wet, (SP-SM)
2 26 x1 27 T e [ ]
Used 3" Shelby tube 1
sampler from
26.5' to 47.0' ] 7]
{ /,// ]
Eotn (e x| 07007 » 26,5'-39.0' Fat CLAY, high plas-
T 1 //; ticity, soft, light gray to light
v, , brown, mottled, moist to wet, (CH)
14 | 35.2] x 1.7 . ]
1,7 ]
39.0'-43.0' Silty SAND, about 70%
O . 40 r 1 N fine sand, about 30% nonplastic
Hole squeezed at 10 27.4| X Lo L4 1 fines, tan, saturated, (SP-SM)
42,0' 1 s
PR o |
[ 23 X R 43.0"-64.0' Poorly<graded SAND,
r M sof- o b ~] about 95% fine sand, about 5%
t 1 : { nonplastic fines, tan, saturated,
Wash bored from 26 X 1 1 (sp-sM)
. 64" P 1 . 1 ¢
47" to r 14.6 ]
A X IR ‘ o ]
- -4 —— — 60—
F 13 X e . ]
[ T :‘ 4 64.0'-69.0' Fat CLAY, high plas-
[ ] //// ! ] ticity, about 20% fine sand, light
.
" I s, ] gray to light brown, mottled,
g:::lzr ?:::lby tube 19 2 70—/ e **777—* —--{- ——] small amount of lime nodules,
64" to 99.5° 3 22.3 ] | moist to wet, (CH)
[ 22 X I 1' 4 69.0'-77.0" Silty SAND, about 50%
[ : ! ] fine sand, about 50% nonplastic
L i ] fines, strong reaction to HC1,
S I U PR | -
Water level at 13.0%} 18 70.6] X | o 1 brown, moist to wet, (SM-ML)
-15- B N ! h
on 7-15-7__; n'mter L i 177.0'-83,0' Clayey SAND, about 50%
level at 10.0' on s
7-16-7 Hole - 17 X +.00 . - fine sand, about 50% medium plas-
p— v 1.0 | ticity fines, moderate reaction to
caved to 19.0' on ..~
[ r . i KCl, brown, moist to wet, (SC-CL)
7-16-7__. oo 1.4 eoY L 4 ,, IR I
-15- | 21 23.51 X 4 ’
::;1:(?:;:0{,15 —+ 1770 l‘ 183.0'-99.5' Pat CLAY, high plas-
. + Y, { ] ticity, about 20% fine sand, light
Filled hole on H 16 X -1 ////,’ o ! + gray to light brown, mottled,
7-16-__s L0 ‘ small amount of lime nodules,
s moist to wet, (CH)
0 10 20 30 40 50
EXPLANATION 10 20 30 40
BLOWS/FOOT Record number of blows required for one foot of penetration. [ ]
If 50 blows result 1n less than one foot of penetration, record depth
penetrated; thus, 50/.4 indicates 0.4 foot penetrated with 50 blows, [ ]
extrapolated as 125 blows/foot
CLASSIFICATION Describe soil type, with emphasis on inplace condition. Include
AND DESCRIPTION Unified Soil Classification symbol. EXAMPLE: POORLY GRADED i
SAND. 957 predominantly medium sand, 5% nonplastic fines. \l 125
max size 1.’4 inch, firm, moist, gray, uncemented (SP) h
PENETRATION Plot, as shown at right. Actual values @, extrapolated values at 50, \ ‘ |
RESISTANCE open circle with extrapolated value 1250 |
FEATURE __Example PROJECT STATE . HOLE NO. PR- 44

Figure 5-67.—Drill-hole log and penetration resistance data. Gulf Coast Canal, Gulf Basins, Project,
Texas. 288-D-2872.
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Purpose of Hole: Reason for drilling the hole, for
example: “dam foundation investigation,” “mate-
rials investigation,” or “ sampling for testing.”

Drill Equipment:

Drill rig (make and model)

Core barrels (type, size)

Bits (type, size)

Drill rods (type, size)

Spacers (type)

Water-test equipment (rod size, transducer)
Packers (type)

Drillers: Names

Drill Fluid: Type and where used (including drill-
fluid additives)

Drilling Fluid Return:

Interval

Percent return
Drill-Fluid Return Color:

Interval

Color

Drilling Methods: Synopsis of drilling procedures
used through the various intervals of the hole.

Drilling Conditions and Drillers’ Comments: Re-
cord, by interval, the relative speed at which the bit
penetrates the rock and the action of the drill dur-
ing this process (e.g., “105.6-107.9: drilled slowly,
very blocky, hole advance 15 minutes per foot”).
Changes in drilling conditions may indicate differ-
ences in lithology, weathering, or fracture density.
Record locations and amounts of explosives used
for blasting to help advance the hole. Any other
comments relative to ease or difficulty of advancing
or maintaining the hole (provide locations).

Caving Conditions: Record intervals of cave with
appropriate remarks about the relative amount of
caving. Intervals should be noted where the caving
occurs, not the depth of the hole.

Cement Record: Record all intervals cemented
and whether some intervals were cemented more
than once. This may be combined with the casing
record if one or the other is short.

Borehole Survey Data: If obtained.

Water-Level Data: Notes on location, water
quantities, and pressures from artesian flows.

Hole Completion: How hole was completed or
backfilled; if jetting, washing, or bailing was used;
depth of casing left in hole, or whether casing was
pulled. Location and type of piezometers; location,
sizes, and types of slotted pipes (including size and
spacing of slots) or piezometer risers. Type and
depth of backfill or depths of concrete and benton-

ite plugs; location of isolated intervals; elevation of
tops of risers.

Reason for Hole Termination: Whether hole
reached predetermined depth or the reason why it
was stopped before reaching predetermined depth.

Estimated Drilling Time:

Setup time
Drilling time
Downtime

(b) Center Column.—The subcolumns within
the center column are generally self explanatory.
These columns may be modified, or new columns
added to the existing log form to record appropriate
indexes or special conditions.

Percolation Tests: Record the general informa-
tion of the tests. Additional data may be recorded
on “water testing” log forms or drillers’ reports.

Type and Size of Hole, Elevation, and Depth:
These columns are self-explanatory.

Core Recovery: Record percent of recovery by run
(this does not necessarily require a visual graph).
The core recovery for each run should be carefully
noted by the driller on the Daily Drill Reports.
However, this column should be the record of those
measurements prepared by the geologist during
logging.

Hole Completion: This column may be added. It
is a graphic portrayal of how the hole was com-
pleted. An explanation of the graphics can be put
in the bottom midsection of the log form, provided
in report narratives, or explained on note drawings.

RQD (Rock Quality Designation): Should be re-
ported by core run. This column is considered nec-
essary for all underground structures and is
recommended for most logs of N-size holes.

Lithologic Log: An orographic column helps to
quickly visualize the geologic conditions. Appro-
priate symbols may be used for correlation of tests
and shear zones, water levels, weathering and
fracturing.

Samples for Testing: Should include locations of
samples obtained for testing and can later have ac-
tual sample results inserted in the column, if the
column is enlarged.

(c¢) Classification and Physical Conditions Col-
umn.—All data presented should be divided into
main headings with several sets of first, second, and
third order subheadings. Main headings may be
“Surficial Deposits,” and “Bedrock Units,” or they
may be “Differentiation of Weathering” or “Lith-
ologies.” Descriptions of bedrock cores and bedrock
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data required for this column are discussed in sec-
tion 5.44.

5.43. Description of Soils.—The logger should
be able to identify and record soils according to the
USCS. The description of a soil in a log should
include its group name, followed by pertinent de-
scriptive data, as listed in table 5-7. After the soil
is described, it should be identified with the appro-
priate soil classification group by letter symbols.
These group symbols represent various soils having
certain common characteristics; therefore, by them-
selves that may not be sufficient to describe a par-
ticular soil. Borderline classifications (two sets of
symbols separated by a slash) should be used when

the soil does not fall clearly into one of the groups,
but has strong characteristics of both groups. (See
sec. 5.16, sec. 5.17, and fig. 5-12 for more detailed
discussions of soil classification.)

Identification and classification of soils in ex-
ploration logs should be based on visual examina-
tion and manual tests. Laboratory tests may be used
to verify field classifications; however, laboratory
results should be described in a separate, subordi-
nate paragraph.

Soils for small dams may be investigated as (1)
borrow materials for embankments or for backfill,
or (2) foundations for the dam and appurtenant
structures. The soil features that should be de-

Table 5-7.—Checklist for description of soils.

Group name
Group symbol
Percent, by volume, of cobbles and boulders

G o

Particle-size range:

Gravel - fine, coarse

Sand - fine, medium, coarse
6. Particle angularity:

angular subangular
7. Particle shape:
flat elongated

8. Hardness of coarse grains
9. Maximum particle size or dimension

10. Plasticity of fines: nonplastic low
11. Dry Strength: none low medium
12. Dilatancy: none slow rapid

13. Toughness: low medium high

14. Color (in moist condition)

15. Odor - mention only if organic or unusual
16. Moisture: dry moist wet

17. Reaction with HCI: none weak

Percent, by dry weight, of gravel, sand, and fines

subrounded rounded
flat and elongated
medium high
high very high

strong

For intact samples:

18. Consistency: very soft soft firm hard very hard

19. Natural density: loose dense

20. Structure: stratified laminated fissured slickensided block lensed
21. Cementation: weak moderate strong

22. Geologic interpretation

23. Additional comments:
Presence of roots or root holes
Presence of mica, gypsum, etc.

Surface coatings on coarse-grained particles

Caving or sloughing of auger hole on side of pit or trench

Difficulty in augering
Etc.
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scribed depend on which of these categories is in-
volved. For many structures, large quantities of soil
must be excavated to reach a desired foundation. In
the interests of economy, maximum use of this ex-
cavated material should always be made in the con-
struction of embankments and for backfill. A
foundation area, therefore, often becomes a source
of materials, and soil investigations must take this
dual purpose into account. Descriptions of soils or
of weathered bedrock encountered in such explo-
rations should contain the essential information re-
quired both for borrow materials and for foundation
soils.

Soils and weathered bedrock that are potential
sources of borrow material for embankments must
be described adequately in the log of the exploratory
test pit or auger hole. Because these materials are
destined to be disturbed by excavation, transpor-
tation, and compaction in the fill, their structure is
less important than the amount and characteristics
of their soil constituents. However, recording their
natural water condition is important. Very dry bor-
row materials require the addition of large amounts
of moisture for compaction control, and wet borrow
materials containing appreciable fines may require
extensive processing and drying to be usable. For
simplicity, the natural moisture content of borrow
materials should be reported as either ‘‘dry,”
“moist,” or “wet.” Borrow investigation holes are
logged to indicate divisions between soils of differ-
ent classification groups. However, within the same
soil group significant changes in moisture should
be logged.

When soils are being explored as foundations for
dams and appurtenant structures, their natural
structure, compactness, and moisture content are
of paramount importance. Logs of foundation ex-
plorations, therefore, must emphasize the inplace
condition of a soil in addition to describing its con-
stituents. The natural state of foundation soils is
significant because bearing capacity and settlement
under load vary with the consistency or compact-
ness of the soil. Therefore, information that a clay
soil is hard and dry, or soft and moist, is important.
Changes in consistency of foundation soils caused
by moisture changes under operating conditions
must be considered in the design. Correct classifi-
cation is needed so that the effect of these moisture
changes on foundation properties can be predicted.
The inclusion of the geologic interpretations such

as loess, caliche, etc., in addition to the soil clas-
sification name may be helpful in identifying in-
place conditions.

Table 5-8 lists the data needed to describe soils
for borrow material and for foundations. Examples
of soil descriptions are given on the soil classifi-
cation chart (fig. 5-12) and on the example log forms
(figs. 5-65, 5-66, and 5-67).

5.44. Description of Rock Cores.—The ability
of a foundation to support the loads imposed by
various structures depends primarily on the de-
formability, stability, and ground-water conditions
of the foundation materials. Judgment and intui-
tion alone are not adequate for the safe design of
dams. It has become imperative to properly develop
geologic design data because recent advancements
in soil and rock mechanics and new analytical pro-
cedures enable engineers to assess more conditions

Table 5-8.—Description of soils.

Borrow Foundation

Items of descriptive data Coarse- Fine- Coarse- Fine-

grained grained  grained grained
soils soils soils soils

Group name (as shown in soil clas-
sification chart, fig. 5-12) Rt R
Approximate percentages of gravel
and sand
Maximum size of particles (includ-
ing cobbles and boulders)
Shape of the coarse grains—
angularity
Surface condition of the coarse
grains—coatings
Hardness of the coarse grains—
possible breakdown into smaller
sizes D - D -
Color {in moist condition for fine-
grained soils and fraction of
fines in coarse-grained soils)
Moisture (dry, moist, wet)
Qrganic content
Plasticity—degree (nonplastic,
low, medium, high) and dila*
tancy, dry strength, and tough-
ness for fine-grained soils and of
the fine-grained fraction in
coarse-grained soils D R R R
Structure (stratification, lenses
and seams, laminations, giving
dip and strike and thickness of
layer; honeycomb, flocculent,

o o = U
[
o v o X
|}

[of-Jw]
oo
[=k=-Rw]
wl--Jw)

root holes, etc.) - - R R
Cementation—type R D R R
Consistency in undisturbed and re-

molded states (clays only) - - - R
Local or geologic name D R R
Group symbol R R R R

'R = Information required on all logs.
D = Information desired on ali logs.
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analytically than previously possible. To incorpo-
rate these new techniques, foundation data reported
in geologic logs must be not only accurate and con-
cise, but also quantified as much as possible.

(a) Objectives of Geologic Logging.—The basic
objective of describing a core is to provide a concise
record of its important geologic and physical char-
acteristics of engineering significance. The Bureau
of Reclamation has adopted recognized indexes,
standardized descriptors and, when required, quan-
tified numeric descriptors for physical properties to
ensure that these data are recorded uniformly, con-
sistently, and accurately. The descriptions should
be prepared by an engineering geologist. An expe-
rienced logger may describe seemingly minor fea-
tures or conditions that he/she knows have
engineering significance, and exclude petrologic
features or geologic conditions having only minor
or academic interest. Adequate descriptions of rock
core can be prepared solely through visual or “hand
specimen” examination of the core with the aid of
simple field tests. Detailed microscopic or labora-
tory testing to define rock type or mineralogy is
generally necessary only in special cases. Figure
5-68 shows how core obtained from a borehole are
arranged for logging.

(b) Data Required for Geologic Logs of Drill
Holes.—The purpose of drilling and logging is to
secure evidence of the inplace condition of the rock
mass. Therefore, any core condition, damage, or
core loss caused by the type of bit, barrel, or other
equipment used, or caused by using the improper
equipment or techniques in the drilling process
should be ascertained. Such factors may have a
marked effect on the amount and condition of the
core recovered, particularly in soft, friable, weath-
ered or intensely fractured rock masses, or in zones
of shearing. Geologic logs require both the adequate
description of materials, and a detailed summary of
drilling equipment, methods, and conditions that
may provide significant engineering data or be use-
ful for geologic interpretations (see sec. 5.42).

Descriptions of surficial deposits recovered from
drill holes and recorded on geologic logs (e.g.,
slopewash, alluvium, colluvium, and residual soil)
are normally described using the USCS where rea-
sonably good samples are obtained. If samples can-
not be obtained, descriptive terms of the cuttings,
return drill-water color, drilling characteristics, and
correlation to surface exposures must be used. It is

necessary always to record what is being decribed—
samples or cuttings. Uniformity of descriptions for
all exploration logs and reports is desirable, and
descriptors for physical characteristics such as com-
pactness, consistency, and structure should con-
form to those of the guidelines established for the
USCS. The geologic unit name and age, when
known, also should be provided (e.g., “Quaternary
basin fill,” “Recent stream channel deposits,”
‘““Quaternary alluvium,” and ‘‘Quaternary
colluvium™).

Descriptions of bedrock should include a typical
name based on general lithologic characteristics fol-
lowed by data on structural features and physical
conditions. Bedrock or lithologic units should be
delineated and identified not only by the general
rock types provided in part E of this chapter, but
also by any special geologic, mineralogic, or physical
features with engineering significance or relevance
to the interpretation of the subsurface conditions.
Bedrock descriptions should include the data listed
in the following subsections.

(1) General Description.—A general description
of each lithologic unit should be provided. This
should include notes on composition, grain size,
shape, texture, color of fresh and altered or weath-
ered surfaces, cementation, structure, foliation, and
banding or schistosity and their orientation. More
detailed descriptions are normally provided in geo-
logic reports, thereby permitting briefer logs.

(2) Hardness and Strength.—The hardness and
strength of rock masses primarily are related to in-
dividual rock types, but also may be modified by
weathering or alteration. Combined with hardness-
strength descriptors, weathering may be the pri-
mary criterion for determining the depth of exca-
vation, cut-slope design, and use of excavated
materials. Large differences in hardness are more
important than very subtle or localized differences.

(3) Structural Features.—Structural features
(discontinuities) in rock masses in the form of
planes or surfaces of separation include cleavage,
bedding-plane partings, fractures, joints, and zones
of crushing or shearing. Because these features con-
trol or significantly influence the behavior of the
rock mass such as strength, deformation, and
permeability, they must be described in detail.
There are several indexes and at least three types
of data that are useful to evaluate structural fea-
tures; these are fracture density or intensity, de-
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Figure 5-68.—Logging of core obtained from rotary drilling. P1222-142-2198.

scriptions of fractures, and descriptions of shear
and fault zones.

a. Fracture Density.—Fracture density is based
on the spacing of all naturally occurring breaks in
the recovered core (core recovery lengths), exclud-
ing mechanical breaks and shear or fault zones.
Maximum and minimum lengths and a range or the
average length of recovered core should be recorded.
These fracture spacings always should be described
in physical measurements, but descriptive terms re-
lating to these measurements are convenient and
help communicate the characteristics of the rock
mass. It is usually helpful to provide a percentage
of the types of discontinuities.

b. Fracture Descriptions.—Fractures or joints
should be categorized into sets based on similar ori

entations, and each set should be described. Phys-
ical measurements, such as orientation (inclination
or dip) in drill holes, spacing or frequency where
applicable, and persistence or continuity, should be
recorded. In addition, the following characteristics
should be described: the composition, thickness,
and hardness of fillings or coatings; the character
of surfaces (smooth or rough); waviness; healing;
and whether the fracture is open or tight. In drill
cores, the average spacing between fractures should
be measured along the centerline of the core or,
when a set can be distinguished (parallel or sub-
parallel joints), true spacing should be measured
normal to the fracture surfaces.

c¢. Descriptions of Faults and Shear Zones.—
Faults and shear zones should be described in detail,
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including data such as percentage of the various
components (gouge, rock fragments, quartz or cal-
cite veinlets) and the relationship of these com-
ponents to each other. The gouge color, moisture,
consistency, and composition; and the fragment or
breccia sizes, shapes, surface features, lithology, and
strengths should be recorded. The depths, dip or
inclination and true thickness (measured normal to
the shear or fault contacts) also must be deter-
mined, if possible, along with healing, strength, and
other associated features.

(4) Core Loss.—Intervals of core loss and the
reasons for the losses should be recorded. All cores
should be measured by the logger (using the mid-
point of core ends), and gains and losses should be
transferred to adjacent runs to cancel each other
out. Unaccountable losses or gains determined from
the driller’s report should be reconciled, and the
location of the loss or gain determined. Inaccurate
driller’s measurements and locations where por-

tions of the previously drilled run was left in the
hole (pulled off of, or fell back in and redrilled) can
be determined by examining the end and beginning
of adjacent core runs to see whether they fit to-
gether or show signs of having been redrilled.

Where losses occur, examining the core to de-
termine the reason for the loss is critical. Drill-
water losses and color, or changes in the drilling
conditions noted by the driller may suggest the rea-
son for the core loss. Poor drilling methods, mis-
measurement, or geologic conditions noted by the
driller may also suggest the reason for the core loss.
Poor drilling methods mismeasurement, or geologic
conditions responsible for the losses usually can be
recognized by an experienced logger. When a por-
tion of a shear zone is interpreted to have been lost
during drilling, the unrecovered portion should be
described as part of the shear zone, and the loss
used in determining its thickness.

K. FIELD AND LABORATORY TESTS

5.45. General.—There are a great variety of
field and laboratory tests that have been used for
the design of dams. However, only fundamental
field test procedures are described herein. In ad-
dition to the standard penetration test, described
in section 5.32(b), three other field tests that obtain
values for the natural ground are applicable in foun-
dation explorations: (1) permeability tests, (2) in-
place unit weight tests, and (3) vane shear tests.
The inplace unit weight test is used also in borrow
areas to determine the shrinkage between excava-
tion and embankment volumes.

The laboratory tests on soils discussed herein are
limited to those required to verify soii classifica-
tions, or to determine compaction characteristics
for comparison with design assumptions made from
data in table 5-1 (sec. 5.18), or for correlation with
construction control tests given in appendix E. The
descriptions of the tests are intended to furnish a
general knowledge of their scope. For detailed test
procedures refer to the Bureau of Reclamation’s
Earth Manual [7].

The laboratory tests on the quality of riprap and
concrete aggregate, commonly used in specifica-
tions for these materials, are described to afford an
understanding of the significance of those tests. De-

tails of the test procedures can be found in the Bu-
reau of Reclamation’s Concrete Manual [9].

5.46. Field Permeability Tests.—(a) General. —
Approximate values for the permeability of indi-
vidual strata can be obtained through water testing
in drill holes. The reliability of the values obtained
depends on the homogeneity of the stratum tested
and on certain restrictions of the mathematical for-
mulas used. However, if reasonable care is exercised
in adhering to the recommended procedures, useful
results can be obtained during ordinary drilling op-
erations. Using the more precise methods of deter-
mining permeability (by pumping from wells and
measuring drawdown of the water table in a series
of observation holes or by pump-in tests using
large-diameter perforated casing) is generally un-
necessary for the design of small dams.

The bore hole permeability tests described below
are of the pump-in type; that is, they are based on
measuring the amount of water accepted by the
ground through the open bottom of a pipe or
through an uncased section of the hole. These tests
become invalid and may be grossly misleading un-
less clear water is used. The presence of even small
amounts of silt or clay in the added water will plug
up the test section and yield permeability results
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that are too low. By means of a settling tank or a
filter, efforts should be made to ensure that only
clear water is used. It is desirable for the temper-
ature of the added water to be higher than the
ground-water temperature to prevent the creation
of air bubbles in the ground, which may greatly re-
duce the acceptance of water.

(b} Open-End Tests.—Figure 5-69 (A) and (B)
show a test made through the open end of a pipe
casing that has been sunk to the desired depth and
has been carefully cleaned out to the bottom of the
casing. When the hole extends below the ground-
water table, it is recommended that the hole be kept
filled with water during cleaning and especially
during the withdrawal of tools to avoid squeezing
of soil into the bottom of the pipe. After the hole
is cleaned to the proper depth, the test is begun by
adding clear water through a metering system to
maintain gravity flow at a constant head. In tests
above the water table (fig. 5-69 (B)) a stable, con-
stant level is rarely obtained, and a surging of the
level within a few tenths of a foot at a constant rate
of flow for approximately 5 minutes is considered
satisfactory.

If it is desirable to apply pressure to the water
entering the hole, the pressure, in units of head, is
added to the gravity head, as shown on figure 5-69
(C) and (D). Measurements of constant head, con-
stant rate of flow into the hole, size of casing pipe,
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and elevations of top and bottom of the casing are
recorded. The permeability is obtained from the fol-
lowing relationship:

Q

5.5rH (2)

where:

K = permeability,

Q = constant rate of flow into the hole,
r = internal radius of casing, and

H = differential head of water.

Any consistent set of units may be used. For con-
venience, equation (2) may be written:

Q

K=2¢C

'H
where K is in feet per year, ) is in gallons per min-
ute, H is in feet, and values of C, vary with the size
of casing as follows:

EX AX BX NX
204,000 160,000 129,000 102,000

Size of casing
C,

The value of H for gravity tests made below the
water table is the difference in feet between the level
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Figure 5-69.—An open-end pipe test for soil permeability that can be made in the field. 288-D-2476.
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of water in the casing and the ground-water level.
For tests above water table, H is the depth of water
in the hole. For pressure tests, the applied pressure
in feet of water (1 lb/in? = 2.31 ft of head) is added
to the gravity head to obtain H.

For the example shown on figure 5-69 (A):
Given:

NX casing,
¢ = 10.1 gal/min, and
H = 21.4 feet;
then:
€ (102,000)(10.1)
= — =————"———=48,100 ft/yr.
K=0C, H 914 8,100 ft/yr

For the example shown on figure 5-69(D):
Given:

NX casing,
@ = 7 gal/min,
H (gravity) = 24.6 feet, and
H (pressure) = 5 1b/in? = 5 (2.31) = 11.6 feet of
water;

then:
H = 246 + 11.6 = 36.2 feet, and

&  (102,000)(7)
K=C e 36.2 = 19,700 ft/yr.

(c) Packer Tests.—Figure 5-70 shows a perme-
ability test made in a portion of a drill hole below
the casing. This test can be made both above and
below the water table, provided the hole will remain
open. It is commonly used for pressure testing of
bedrock using packers, but it can be used in un-
consolidated materials where a top packer is placed
at the base of the casing. If the packer is placed
inside the casing, measures must be taken to prop-
erly seal the annular space between the casing and
the drill hole wall to prevent water under pressure
from escaping. Even if these measures are taken to
seal the casing, the value of the test is questionable
because there is no sure way of knowing if the an-
nular seal is effective.

The formulas for this test are:

Q L
= = = 10
K SalH log, - (where L r) (3)

K = Q sinh‘1£

T or (where 10r > L = r) (4)

where:

K = permeability,
€ = constant rate of flow into the hole,
L = length of the portion of the hole
tested,
H = differential head of water,
r = radius of hole tested,
log, = natural logarithm, and
sinh~! = inverse hyperbolic sine.

Formulas (3) and (4) are most valid when the
thickness of the stratum tested is at least 5L. They
are considered to be more accurate for tests below
the water table than above it.

For convenience, the formulas (3) and (4) may
be written:

K = Cp% 5)
where K is in feet per year, @ is in gallons per min-
ute, and C,, is determined from table 5-9. Where the
test length is below the water table, H is the dis-
tance in feet from the water table to the swivel plus
applied pressure in feet of water. Where the test
length is above the water table, H is the distance
in feet from the center of the length tested to the
swivel plus the applied pressure in feet of water. For
gravity tests (no applied pressure), measurements
for H are made to the water level inside the casing
(usually the level of the ground).

Values of C, are given in table 5-9 for various
lengths of test section and hole diameters.

The usual procedure for the packer-type of
permeability test in rock is to drill the hole, remove
the core barrel or other tool, seat the packer, make
the test, remove the packer, drill the hole deeper,
set the packer again to test the newly drilled sec-
tion, and repeat the tests (see fig. 5-70 (A}). If the
hole stands without casing, a common procedure is
to drill it to final depth, fill it with water, surge it,
and bail it out. Then set two packers on pipe or
drill stem, as shown on figure 5-70 (C) and (D). The
length of packer when expanded should be at least
five times the diameter of the hole. The bottom of
the pipe holding the packer must be plugged, and
its perforated portion must be between the packers.
In testing between two packers, it is desirable to
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CONSOLIDATED MATERIAL
TESTS MADE DURING DRILLING
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CONSOLIDATED MATERIAL
TESTS MADE AFTER HOLE IS COMPLETED
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Figure 5-70.—Packer test for rock permeability. 288-D-2477.

start from the bottom of the hole and work upward.
For the example on figure 5-70(A):

Given:
NX casing set to a depth of 5 feet,
@ = 2.2 gal/min,
L =1 foot,
H (gravity) = distance from ground-water level to
swivel = 3.5 feet,
H (pressure) = 51b/in? = 5(2.31) = 11.55 feet of water,
H = H (gravity) + H (pressure) = 15.1
feet, and
C, = 23,300, from table 5-9;

then:
Q

Py

5.47. Inplace Unit Weight Tests (Sand Replace-
ment Method).—This method is used to determine
the inplace unit weight in a foundaiton, a borrow
area, or a compacted embankment by excavating a
hole from the horizontal surface, weighing the ma-
terial excavated, and determining the volume of the
hole by filling it with calibrated sand. A moisture

(23,300)(2.2)

K= 15.1

= 3,400 ft/yr.

content determination on a sample of the excavated
soil enables the dry unit weight of the ground to be
calculated. Various devices using balloons and water
or oil unit weight devices have been used to measure
the volume of the hole, but the sand method is the
most common.

About 100 pounds of clean, air-dry, uniform sand
passing the No. 16 sieve and retained on the No.
30 sieve has been found to be satisfactory. The sand
is calibrated by pouring it into a cylindrical con-
tainer of known volume, determining its mass and
calculating its unit weight.

At the location to be tested, all loose soil is re-
moved from an area 18 to 24 inches square and the
surface is leveled. A working platform supported at
least 3 feet from the edge of the test hole should be
provided when excavating in soils that may deform
and change the dimensions of the hole as a result
of the weight of the operator. An 8-inch-diameter
hole 12 to 14 inches deep is satisfactory for cohesive
soils that contain little or no gravel. A hole about
12 inches in diameter at the surface, tapering down
to about 6 inches at a depth of 12 to 14 inches, is
needed for gravelly soils.
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Table 5-9.—Values of C,, for permeability computations.

Length of test Diameter of test hole
section in feet, L gEX AX BX NX

1 31,000 28,500 25,800 23,300
2 19,400 18,100 16,800 15,300
3 14,400 13,600 12,700 11,800
4 11,600 11,000 10,300 9,700
5 9,800 9,300 8,800 8,200
6 8,500 8,100 7,600 7,200
7 7,500 7,200 6,800 6,400
8 6,800 6,500 6,100 5,800
9 6,200 5,900 5,600 5,300
10 5,700 5,400 5,200 4,900
15 4,100 3,900 3,700 3,600
20 3,200 3,100 3,000 2,800

A template with the proper size hole is placed
on the ground, and the excavation is carefully made
with an auger or other handtools. All material taken
from the hole is placed in an airtight container for
subsequent mass and moisture determinations. To
avoid loss of moisture, the cover should be kept on
the container except when in use. In hot, dry cli-
mates a shade for the test area and a moist cloth
over the container should be provided. A plastic bag
should be inserted in the container to hold the soil
removed, and it should be sealed to prevent mois-
ture loss.

The volume of the hole is determined by carefully
filling it with calibrated sand using the sand cone
device shown on figure 5-71. The mass of sand used
to fill the hole is determined by subtracting the final
mass of sand and container (plus the calculated
mass of sand occupying the small space in the tem-
plate) from the initial mass. The volume of the sand
(and of the hole) is calculated from the known unit
weight of the calibrated sand.

The inplace wet unit weight of the soil is the
weight of the soil removed from the hole divided by
the volume of the hole. For soils eontaining no
gravel, a representative moisture sample is taken,
and the moisture content is determined (see sec.
5.49(b) for moisture content test). The inplace dry
unit weight is then calculated.

For soils containing gravel sizes, the wet unit
weight of the total material is determined as de-
scribed above. In the laboratory the gravel particles
are separated from the soil, and their mass and solid
volume are determined and subtracted from the to-

Figure 5-71.—Determining inplace unit weight by replac-
ing soil with a sand of known unit weight.

tal mass of material and the volume of the hole,
respectively, to obtain the wet unit weight of the
minus No. 4 fraction of the soil. This is converted
to dry unit weight by a moisture content determi-
nation. The field and laboratory procedures used
for inplace unit weight tests are shown on figure
5-72,

Further 