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PREFACE

Soil mechanics is a pioneer science which has grown rapidly
during the last two decades. Its introduction into this country
—under this name, at least—is generally accredited to Dr. Karl
Terzaghi and is considered to have occurred in 1925. With each
year since that date soil mechanics has become more widely
known, the number of soil mechanics laboratories has increased,
more colleges have offered courses in this new subject, and prac-
tical applications of this science have become more numerous.

The amount of existing soil mechanics literature has increased
rapidly but textbooks and handbooks have been slow to appear,
probably because of the extensive scope of the subject. Books
of a number of types on this subject are needed, and it is of
considerable importance to distinguish between the various types,
which include the handbook for the practicing engineer, the
manual for the laboratory technician, the textbooks for college
courses of undergraduate level and graduate level, and the ad-
vanced textbook for the specialist. It is probable that no book
can serve more than one or two of these fields to best advantage.
This book 1s written as a textbook for use in graduate courses,
but it is presented in such form that by the omission of certain
portions it can be used in undergraduate courses. Practicing
engineers and specialists in soil engineering may find the book
of interest and value but, primarily, it is written for the student.
The basic aim of the book is the presentation of fundamentals
rather than the furnishing of final answers to practical problems;
nevertheless, the book aims to develop the reader’s appreciation
for the practical significance of the various subjects considered.

I wish to acknowledge and to express appreciation for the
privilege of including in this book material that is the work of
three of my predecessors on the Soil Mechanics staff of the Mas-

sachusetts Institute of Technology. These three engineers, each
Vv



vi Preface

of whom has played an important part in the growth of soil
mechanics, are Dr. Karl Terzaghi, Dr. Glennon Gilboy, and
Dr. Arthur Casagrande. Dr. Terzaghi put out a preliminary
set of notes for the use of students in 1926 or thereabouts. Dr.
Gilboy prepared a set of notes in 1930 that covered approxi-
mately one-third of the material of his graduate soil mechanics
courses and bore the title Notes on Soil Mechanics. I revised
and completed these Notes on Soil Mechanics in 1938 and 1939.
To a degree this book is the outgrowth of these sets of lecture
notes.

An attempt is made to include acknowledgment to the origi-
nators of material that is presented in this book. However, the
development of many of the subjects treated is the result of the
efforts of many persons, and in many cases it is not possible to
know just how much credit is due to the various participants
or even to be certain of the complete list of contributors. For
all omissions of credit, where due, regrets are expressed. I wish
to acknowledge helpful suggestions and to express my appre-
ciation to Professor Dean Peabody, Jr., and Mr. T. W. Lambe,
who read the entire manuscript, to Dr. M. J. Hvorslev, who
reviewed Chapter 5, to a number of assistants and students, who
have read parts of the manuscript, and especially to Dr. Glen-
non Gilboy, for his inspiring instruction and supervision during
the period when I was his assistant, and to Dr. J. B. Wilbur
and Professor C. B. Breed, Head and former Head, respectively,
of the Department of Civil and Sanitary Engineering at the
Massachusetts Institute of Technology, for suggestions and en-
couragement.

D. W.T.
Cambridge, Massachusetts
February, 1948
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NOTATION

The nomenclature used in this book is in close agreement with that
recommended in Soil Mechanics Nomenclature, Manual of Engineering
Practice No. 22, published by the American Society of Civil Engineers
in 1941. :

The following list contains only the more important of the symbols that
appear in the following pages. There are numerous cases in which sub-
scripts are used on a few occasions, or in a single explanation or derivation,
to designate special cases and components of various quantities. Also
there are numerous isolated uses of symbols that are of minor importance.
These items of minor importance or infrequent appearance are explained
in the section in which they are used and generally are not included below.

In a few instances a given symbol is used herein to represent two or more
entirely different quantities. In general these different quantities do not
appear in the same chapter and, when they are used at the same time,
special subscripts are introduced so that confusion will not occur.

Numbers that are given in parentheses refer to the section in which the
item is described or in which a typical use of the item appears.

A area

a distance on earth dam from breakout point of top flow line to
toe (9-11); area, usually of small magnitude

ay coefficient of compressibility (10-9)

B resultant actuating force (16-17)

b breadth or width, such as breadth of spread footing, base width
of dam, width of flow path, width of element of area

¢ resultant cohesion (16-17); various constants and coefficients

C. compression index (10-6)

C. expansion index (10-6)

Cu Hazen’s uniformity coefficient (4-9)

C, coefficient of settlement (19-3)

c cohesion per unit of area (15-9)

Ca mobilized cohesion (16-6)

Ce effective cohesion (15-23)

Co coefficient of consolidation (10-10)

D diameter; depth coefficient (Fig. 16-25)

1X
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Notation

Hazen’s effective size, the 10 per cent size (4-9)

relative density (3-5)

distance; depth; dial reading (10-13)

modulus of elasticity

void ratio (2-2); efficiency coefficient (20-7)

factor of safety (16-6)

specific gravity (2-2)

acceleration of gravity

thickness (10-10); height (16-8, 20-7)

hydraulic head (7-4)

capillary head (8-7)

various indices

plasticity index (4-8)

hydraulic gradient (6-2); inclination angle of an earth slope
(16-8)

resultant seepage force (9-18)

seepage force per unit volume (9-18)

lateral pressure coefficient (17-7)

Darcy’s coefficient of permeability (6-3)

components of £ (9-6)

effective permeability (9-8)

distance; length

length of arc (16-17)

length of chord (16-17)

moment

modulus (19-20)

distance ratio (11-3)

pressure index (11-2); various coefficients (e.g., 19-11)

porosity (2-2); distance ratio (11-3, 19-16); parameter (6-2);
integer (10-11, 16-18)

number of potential intervals in a flow net (9-8)

number of flow paths in a flow net (9-8)

origin of planes in the Mohr diagram

resultant force (16-17, 17-4)

passive force (17-4)

pressure (10-8, 17-4)

intrinsic pressure (13-6, 15-9)

pressure on vertical plane (16-9)

overburden pressure (16-8)

rate of discharge (6-3); resultant applied force (11-2, 17-12);
penetration resistance of a pile (20-7)

allowable load on a pile (20-8)
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Notation X1

rate of discharge per running foot (9-3) ; applied pressure (11-3,
19-3) ‘

allowable bearing pressure (19-26)

balanced pressure (19-34)

ultimate bearing capacity (19-9)

radius

hydrometer reading (3-10); radius in polar coordinates (9-16)

radius in spherical coordinates (9-16)

degree of saturation (2-2); focal distance of parabola (9-10)

shearing strength per unit area (13-7, 15-9, 15-23); distance

average shearing strength (16-33)

time factor in consolidation theory (10-11)

surface tension

time

loading period (12-16)

consolidation ratio (10-11); resultant neutral force (16-17)

consolidation at a point (10-9)

hydrostatic excess pressure (10-8); velocity (20-7)

neutral pressure (14-11)

hydrostatic pressure (12-7)

volume

velocity

seepage velocity (6-3)

weight :

water content relative to dry weight (2-2)

liquid limit (4-8)

plastic limit (4-8)

Cartesian coordinates

transformed z distance (9-7)

vertical distance (9-16)

angle of stress obliquity (13-2); slope of downstream face of a
dam (9-11) :

maximum angle of stress obliquity (13-5)

angles

unit weight (2-2)

buoyant unit weight (7-2)

unit weight of solid matter (2-2)

unit weight of soil-water system (2-2, 7-2)

unit weight of water (2-2)

angles

shearing strain (15-12)
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Notation

vertical direct strain (19-20)

angle between a plane and the major principal plane in the
Mohr diagram (13-4); angle in polar coordinates; angle to
vertical (11-2)

coefficient of viscosity; Poisson’s ratio

settlement; penetration of a pile per blow of hammer (20-7)

allowable settlement (19-26)

ultimate settlement (12-14)

direct stress (13-4)

principal stresses (13-4)

intergranular direct stress (14-11)

consolidation pressure (15-15)

effective direct stress (15-23)

direct stress on the plane of failure (13+7, 15-4)

combined pore-water stress and intergranular direct stress
(14-11)

shearing stress (13-4)

friction angle (13-7)

friction angle between soil and masonry (17-7)

apparent friction angle (15-15)

developed friction angle (16-6)

effective friction angle (15-23)

friction angle at the peak point (14-4)

friction angle at the ultimate point (14-4)

weighted friction angle (16-29)



Chapter 1

-

INTRODUCTION

1-1 The Fundamental Role of Soil Problems in Engineering

Every structure, whether it be a building, a bridge, a dam, a
type of pavement, or even a ship during its construction, must
be founded on soil or ledge. From prehistoric times the choice
of a satisfactory foundation has been one of the first problems
in any construction project. Since most structures rest on soil,
the role of soil as a foundation material and as a construction
material has always been one of outstanding importance.

Tt is interesting to speculate on the history of foundation engi-
neering. In the large cities of early civilizations there were
numerous large buildings which must have presented foundation
problems much like those encountered in our modern cities. The
truly great construction feats represented by the pyramids of
Egypt, the temples of Babylon, the Great Wall of China, the
aqueducts and roads of the Roman Empire, and other equally
great but historically less recognized projects must have had
their share of complicated foundation problems. In view of the
variable and complicated nature of soil, it probably is safe to
say that from prehistoric to modern times few if any types of
construction problems have commanded as much special atten-

tion and as much originality and genius as those presented by
~ problems associated with the soil.

1-2 The Nature of Soil

A large portion of the difficulties encountered in foundation
work is due to the nature of soil. Usually those materials of
construction are chosen which best fit the conditions of a given
job. A choice of soils is sometimes offered, as, for example,
the soil used for an earth dam, but more often the soil must be
taken as it occurs at a given site. This situation usually exists

in foundation problems, and the only recourse may be to use an-
B 1 ‘



2 Introduction

other site if the one desired has unsatisfactory subsurface condi-
tions. If the character of the soil is unsatisfactory, it may be
possible, occasionally, to improve it by the injection of some
substance; in the great majority of cases, however, the soil must
be taken as it is in its natural condition.

It is utterly impossible to use some soils as foundation mate-
rials. Peats and organic silts are generally so compressible that
they are avoided if possible. Other soils are satisfactory under
certain loadings and below certain types of structures; soft clay
is an example. The ideal foundation materials are sands, gravels,
stiff clays, cemented soils, and rock; it is interesting to note in
passing, however, that a rock foundation, which is the best in
many ways, may often be unsatisfactory because of the expense
of excavating to the desired foundation level. This wide range
of soil characteristics holds not only for foundation materials but
also for earth as a material of construction for dams and dikes.
No other type of material has a greater range of characteristics
than soil has. .

It is not so much the variable characteristics of soils in gen-
eral that lead to complex problems as it is the variable nature of
the soil at any given construction site. Two specimens of soil
taken at points a few feet apart, even if from a soil stratum
which would be described as relatively homogeneous, may have
properties differing many fold. This variable or erratic character
is typical of practically every soil deposit, and often makes diffi-
cult the determination of representative soil properties.

In addition to its variable nature, soil is a difficult material to
deal with because of the complexity of its physical properties,
and because of the large number of properties that must be con-
sidered when fairly complete information on its action is de-

sired.

1:3 The Development of Knowledge of Soil Action

The beginning of knowledge of soil action undoubtedly extends
into prehistoric time, when the experienced artisan first began to
devise methods of avoiding the difficulties inherent in unfavor-
able types of soils. His procedure was undoubtedly based almost
entirely on guesswork or on the limited empirical knowledge
furnished by his own and his ancestors’ experience. Through
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ancient times and even within the last few generations practically
all improvement was the result of a continuously broadening
empirical knowledge. During recent decades rapid advances in
knowledge of physics, and more recently in chemistry, could not
help improving the scientist’s knowledge of fundamentals of soil
action. However, until recent years this source of knowledge
did not reach the practicing foundation engineer to any important
degree, mainly because the nature of soil makes difficult the
understanding and application of such concepts.

The scientific approach may be said to be the adoption of the
attitude that for the best solution of any problem the fullest
possible use must be made of all available knowledge regarding
fundamental phenomena. To a limited degree the scientific ap-
proach has been used in foundation engineering for some time,
the classical earth pressure theories serving as an example. How-
ever, only within the last twenty or thirty years has concerted
effort been made to develop to any appreciable degree the poten-
tialities of the scientific approach.

1-4 The Development of Practical Applications of Mechanics

The application of the fundamental principles of mechanics
to the common materials of construction is far from new. Analy-
sis of steel members to determine stresses and laboratory testing
to determine strengths have long been common practice. Ra-
tional design methods that are widely used are based on the
principle of choosing each member so that its strength shall be
greater than its stress by a reasonable margin of safety. Except
for simple cases, such studies are statically indeterminate; that
is, their solution requires the use of moduli of elasticity and
other stress-strain ratios. Such studies of relationships between
stress, strain, and strength constitute an important part of ap-
plied mechanics. In the so-called elastic materials these rela-
tionships are relatively simple, and they can often be determined
with a relatively high degree of accuracy. A lower degree of
accuracy is obtained when the same types of studies are made
on imperfectly elastic materials, such as concrete, but even for
such materials the accuracies are considered fairly satisfactory.

Applications of this type in which soil is the material under
consideration are much more recent. However, analyses involv-
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ing the building settlements which are due to compression of
underlying soil and those involving possible instability of soil
masses because of insufficient shearing strength of the soil are
similar, basically, to the analyses of deflections and strengths
which are common in the design of the superstructures of build-
ings. .

The reason for the delay until recent times of the introduction
of the above-mentioned principles of mechanics to soils is not
hard to understand. In steels, a few properties, such as the
modulus of elasticity, the yield stress, and Poisson’s ratio, are
sufficient to describe most of the features of its behavior under
any loading. The number of properties needed for an under-
standing of the action of soil under load is unknown, 1s large, and
sometimes the properties vary with climatic conditions. More-
over, the stress-strain relationships in steel are constant, and
they hold up to the elastic limit under any loading or unloading;
in soils they are variable, and they depend in a very complicated
way on the pressure history of the soil. The variable and com-
plex nature of soil has been mentioned previously; the compli-
cated stress-strain relationships of soils are in large degree the
cause of this complex nature.

The mechanics of solids is the basis of the applications men-
tioned above, but the mechanics of fluids may be discussed simi-
larly. Engineering hydraulics is a well-established field which
deals with the flow of water and which has to a considerable
degree utilized empirical approaches based on experience and
laboratory testing. A trend in recent years toward a more scien-
tific point of view relative to studies of fluid flow is shown by
rapid developments in fluid mechanics, which embraces develop-
ments in aeromechanics as well as in hydromechanics. In this
respect fluid mechanics and soil mechanics are similar subjects,
and in the recent rapid advances in soil engineering and hydraulic
engineering important parts have been played by soil mechanics
and fluid mechanics, respectively. In seepage through soils the
flow occurring is usually of the type known as laminar, whereas
the flow occurring in problems in hydraulic engineering is usually
turbulent, but there are many considerations which are common
to investigations of seepage through soils and problems in engi-
neering hydraulics. '
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1-5 The Rational Approach to Problems in Soil Engineering

The rational approach may be defined as the approach which
has for its aim the best possible understanding of the action or
behavior of soils under all conditions encountered in engineering
problems.

Three sources may be recognized as contributing to under-
standing of soil action. The first source is experience, as devel-
oped by trial and error during the past and as represented by the
conventional and largely empirical procedures of today. The
second source is the information on soil action which can be fur-
nished by laboratory tests and investigations. The third source
is the scientific approach, or the understanding that results only
from a specialized familiarity with all phenomena which have
bearing on soil action.

The complementary nature of the three sources cannot be too
highly emphasized.

1-6 Soil Mechanics, the Scientific Approach

Soil mechanics is the name given to the scientific approach to
understanding of soil action. It may be defined as the science
dealing with all phenomena which affect the action of soil in a
capacity in any way associated with engineering.

The word mechanics, strictly speaking, does not include chem-
istry, colloidal physics, and other sciences which have bearing on
soil action. However, specialization in the scientific approach
surely must embrace all sciences that offer valuable concepts
relative to soil action, and thus the name which has been chosen
for the scientific approach must be allowed to cover a some-
what broadened meaning. The term soil physics comes closer
to expressing the desired meaning, but it has long been used by
agricultural scientists and thus has come to be associated with
agriculture by engineers.

1-7 Quantitative and Qualitative Applications of Soil
Mechanics '
In a number of different types of engineering problems quanti-
tative applications of soil mechanics are used. Of two examples
that will be mentioned briefly, the first involves seepage. On the
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cross section of the foundation of a dam it is possible to use a
graphical representation of the seepage pattern, known as the
flow net; from this net the quantity of underseepage, the magni-
tude of the uplift force caused by water pressure, and other
numerical data may be estimated. The second example refers
to compression of soil. Samples from a buried clay stratum may
be tested in the laboratory to determine their compressibility,
and the test data may be used to predict the settlement which
will occur if a building is founded above this stratum.

Since all quantitative analyses on soils do not have the pre-
cision sought in some branches of engineering, an estimate of the
probable precision becomes an important phase of such analyses.
This point, however, is one that should receive more emphasis
in other branches of engineering; for example, not many buildings
are subjected to loads which can be predicted with sufficient
accuracy to allow the precisions often inferred in estimates of
stresses in structural members.

Considerations of quantitative applications immediately show
the close relationship between laboratory tests and the scientific
approach, two of the contributing sources mentioned in Section
1-5. Routine classification tests may be of practical importance
but they bear only indirect relationship to soil mechanics. How-
ever, testing of soils for mechanical properties, such as perme-
ability and compressibility, is a necessary part of quantitative
soil mechanics applications. Laboratory testing programs are,
therefore, an important adjunct to soil mechanics, and are com-
monly considered an important part of soil mechaniecs itself. Also
considered as a part of soil mechanics is the use of some types of
tests which cannot be depended upon for numerical accuracy but
can be used to advantage for relative comparisons of two or more

 soils.

Qualitative applications of soil mechanics have an importance
which has generally not been given sufficient emphasis. If an
embankment is barely safe against danger of a landslide and if
it is known that the height of the water table within the em-
bankment is going to be raised, any engineer familiar with funda-
mentals knows that the seepage forces within the embankment
will be increased in magnitude and that a landslide is likely. A
decision based on this knowledge is just as much an application
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of soil mechanics as a decision utilizing hundreds of man-hours
of computations and laboratory testing.

Most engineers will probably find that the opportunities for
qualitative application are commoner than those for quantitative
application. This may be especially true for the construction
engineer, who does not specialize in soil or foundation work but
who should have some knowledge of soil mechanics, if only to
enable him to recognize dangerous situations that may require
the opinion of a specialist.

Qualitative applications of soil mechanics greatly resemble
many practical applications of geology. Geology treats of the
history of the earth as recorded in the materials comprising the
earth. Understanding of the origin and past history of a given
deposit is often an invaluable aid toward an understanding of its
inherent characteristics. The geologist makes use of all scientific
concepts, and the aid he can give the engineer is, more often than
not, in the form of purely qualitative opinions and recommenda-
tions. Qualitative soil mechanies and the geology of soils overlap
in many ways, and knowledge of geology is of much value to a
specialist in soil mechanics. A comprehension of geological
formations, groundwater flow, the processes of cementation and
weathering, and the like leads to a better understanding of many
characteristics of soils. Moreover, every soil investigation should
include adequate investigation of all geological features that have
bearing on the problem.

1-8 The Importance of Coordination of Theory and Practice

Theories require assumptions which often are true only to a
limited degree. Thus any new theoretical ideas have question-
able points which can be removed only by checks under actual
conditions.

This statement holds especially true for theories pertaining to
soil mechanics because assumptions relative to soil action are
always more or less questionable. Such theories may sometimes
be checked to a limited degree by laboratory tests on small
samples, but often the only final and satisfactory verification
requires observations under actual field conditions.

One of the qualifications of a capable and experienced soil
engineer is the feel he has developed for soil action or, more
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scientifically, his intuition regarding soil behavior. The study of
soil mechanics is very fruitful in furnishing concepts which are a
background for this intuition. Practical experience in construc-
tion is also valuable in this respect, and here again it is seen that
theory and practical experience complement each other to give
results not obtainable by either alone.

1-9 Foundation Engineering and Soil Engineering

Foundation engineering is a widely recognized profession. It
is the branch of engineering which is associated with the design,
construction, maintenance, and renovation of footings, foundation
walls, pile foundations, caissons, and all other structural mem-
bers which form the foundations of buildings and other engineer-
ing structures. It also includes all engineering considerations of
the underlying soil and rock in so far as they are associated with
the foundation.

Soil engineering differs from foundation engineering in that it
does not directly include matters pertaining to the structural
members of the foundation. For example, the design of the rein-
forelng in spread footings usually is not considered soil engineer-
ing. However, all problems associated with the soil on which a
foundation is based are within the scope of soil engineering. All
problems of investigation, design, construction, and maintenance
of earth dams, and of all kinds of earth embankments and earth
works, as well as all laboratory investigations of soils, whether
the investigations are of fundamental nature or are merely rou-
tine tests, belong to soil engineering.

Many tasks which have been called foundation engineering
should be designated soil engineering, and vice versa. Also many
more or less routine investigations which have been classified as
soil mechanics or practical applications of soil mechanies should
be called soil engineering. The term soil engineering is one which
should be given broader use.

1-10 Definition of Soil

The term soil, as used by engineers and as adopted in soil
mechanics, covers a much wider range of materials than the same
term as used by laymen or as defined by agriculturists and geolo-
gists. To the agriculturist, soil is the earth mold within which
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organic forces are prominent and which is adapted to the support
of plant life. To the geologist also, soil is the material in the
relatively thin surface zone within which roots occur. According
to the broader engineering interpretation, soils are considered to
include all earth materials, organic and inorganic, occurring in
the zone overlying the rock crust of our planet.

1-11 Discussion of the Dependability of Soil Analysis Data

The limited dependability of results of quantitative soil in-
vestigations is a matter which has caused much discussion and
which must be honestly faced and carefully considered by all
engineers who are engaged in such investigations. It must be
realized that few soil analyses give results of high accuracy and
that most of them give values which are rough estimates at best.
This may be due in part to the use of assumptions that are not
strictly true, but limited knowledge of existing conditions is, In
many cases, the more important cause. In analyses of seepage
quantities, which will be taken as an example, the common
procedure is to use for the measure of permeability the results of
a limited number of laboratory tests on samples from the site.
Frequently there are a few strata somewhere in the underground
which are much coarser than the general run of the soil and which
are not discovered during the investigations. These coarse strata
may be the cause of many times as much seepage as would occur
if they were not present, yet the samples may give no indication
of their existence. No charge of laxity can be made in such a
case, because exhaustive explorations might fail to disclose the
existence of the coarse strata. Therefore the effects of such items
can only be accounted for in the final stage of the analysis, when
the experience and judgment of the engineers in charge are called
on to make allowances for factors which the studies are unable
to disclose.

The following question has sometimes been advanced: If
studies cannot reveal important items of this type and if experi-
ence and judgment are the basis of the final decisions anyway,
why are the studies made? Two statements may be offered in
answer to this question. The first is that many factors which
have bearing on a problem may be correctly reflected in the re-
sults of a soil investigation, even though certain other factors
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are not adequately accounted for, and in investigations which
cover a number of alternative designs those relative results that
pertain to the factors which are correctly reflected may be de-
pendable and may have much value. The second statement is
that judgment, which supersedes experience and all other factors
in importance and grows largely from experience, is also aided
to an important degree by studies of the type under discussion.
It goes without saying that theoretical analyses, if used without
judgment, are worthless and may even lead to disaster. How-
ever, it also must be acknowledged that the engineer whose judg-
ment is relied on for important decisions on many types of prob-
lems of a seientific nature must have a good background in theory.

Every analysis discussed in subsequent chapters of this book
is subject, to some degree, to qualifications of the type discussed
above. Obviously it will not be possible to repeat these qualifica-
tions with every procedure described. Therefore, these ideas
must be kept in mind and recognized as prerequisites to all such
studies of soil mechanics as those discussed herein.

1-12 Scope of This Textbook

The main purpose of this textbook, as its name implies, is the
presentation of fundamentals. The ultimate aim is to acquaint
the student and the scientifically inclined engineer with.those
principles of mechanies which will improve his understanding of
soil action, both in the qualitative sense and as it applies quanti-
tatively to engineering problems.

In order to make clear the part such informtaion plays in the
understanding of soil action, numerous practical applications are
given. Such examples are in general chosen as illustrations of
fundamental points and not as illustrations of construction pro-
cedures.

This text will attempt to show that there is close association
between the importance of intuition regarding soil action, the
need of a true appreciation that soil mechanics is not an exact
science, the realization that for rational decisions in soil engineer-
ing a skeptical attitude toward the use of routine procedures
must be adopted, and the fact that the main aim in any study
of fundamentals is the development of sound judgment.
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In connection with the presentation of fundamentals brief
descriptions of the more important soil tests will be given.
Methods of soil sampling will also be described. In addition,
brief discussions of soil classifications and other more or less
routine subjects must be included. The principal aim of the
textbook, however, is to present fundamental concepts regarding
the action of soil as it relates to engineering problems.



Chapter 2

PRELIMINARY CONSIDERATIONS

2-1 Introduction

Before discussion may be started in any branch of soil me-
chanics notations and definitions must be given. This chapter
will be devoted mainly to the presentation of such material.

2-2 Simple Soil Properties

A soil mass is commonly considered to consist of a network
or skeleton of solid particles, enclosing voids or interspaces of
varying size. The voids may be filled with air, with water, or
partly with air and partly with water.

The total volume of a given soil sample is designated by V and
consists of two essential parts, the volume of solid matter V, and

( Vz Gas )
V. ————-- -
V<

7 > (or Vvy)
274 We=Yi% [ =VGnrw
V. Solids =V, G; v,
L ) (or ,Gv,,) )

Fic. 2:1 Diagrammatic representation of soil as a three-phase system,
showing weight and volume notations and relationships.

the volume of voids V,. The volume of voids in turn is subdi-
vided into water volume V,, and gas volume V,. These volumes
are indicated in Fig. 2-1. This figure must be recognized as a
diagrammatic representation since it is evident that all void and
solid volumes cannot be segregated as shown. However, for
studying interrelationships of the terms given in this section such
sketches help greatly.

Volume ratios which are used widely in soil mechanies are the

porosity, the void ratio, and the degree of saturation.
12
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The porosity n of the soil mass is defined as the ratio of volume
of the voids to the total volume of the mass.

The void ratio e of the mass is defined as the ratio of volume
of voids to volume of solid.

The degree of saturation S is defined as the ratlo of volume of
water to volume of voids.

These ratios may be written

n = I—/E (2-1)
v

e = K?i (2-2)
Vs

5= e 2-3)
Vo

The void ratio is usually expressed as a ratio, whereas porosity
and degree of saturation are commonly expressed as percentages.

Porosity as defined above is used in many branches of engi-
neering and is more familiar than the void ratio to engineers in
general. However, in soil mechanics it is more convenient in the
majority of cases to use the void ratio, principally because, when
a given specimen of soil is compressed, the denominator of the
void ratio expression remains constant, whereas both numerator
and denominator of the porosity expression vary.

The total weight of a soil sample is designated by W, the weight
of solids by W,, and the weight of water by W,. A ratio of
weights which has wide usage is the water content.

The water content w of a soil sample is defined in soil mechan-
ics as the ratio of weight of water to weight of solid matter. It is
commonly expressed as a percentage and may be written

W
W,

The water content defined in equation 2-4 is a ratio, or per-
centage, of the weight of solids, W,. This basis is not standard in
all branches of science, the water content being defined in geology,
for example, as a percentage of total weight. Therefore this
definition as given should be carefully noted.

w = (2-4)
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The idealized concept used herein assumes that solid grains
and water are two definite and separate phases of a soil. How-
ever, the actual situation is much more complex, since water may
exist in a number of forms and mineral grains contain combined
water. When a sample is heated to evaporate the pore water,
certain amounts of combined water may also be driven off, the
amount of loss of combined water depending mainly on the tem-
perature used. In order to give a fixed definition of what is to be
considered as water, it is commonly stated that all weight lost
in evaporation by heating to 105° or 110°C is water; all remain-
ing, solids. In other ways the simple two-phase concept is not
strictly true. If salts are dissolved in the water they may change
its unit weight appreciably; for example, sea water has a unit
weight of about 1.025 grams per cc. If the sample is heated to
drive off the water, the salts remain and become part of the solid
weight. Therefore the diagram of Fig. 2-1 must be recognized
as one based on simplified concepts, but it is widely used and
unless otherwise stated will be accepted for all considerations
herein.

This idealized concept also implies that the solids are stable.
In many soils, such as those which in the past have been trans-
ported and worn by streams, this is essentially true, and any
loading or other action on the soil will cause no appreciable
change, even over long periods of time. On the other hand, it
must be realized that many soils are unstable. Soils weathered
in place may break down so easily that they really do not have
definite grains. Some soils are very susceptible to chemical
action, and their properties may change rapidly in certain en-
vironments.

Variations in the water content of a given soil change its
characteristics to such a marked degree that the importance of
this soil property cannot be overemphasized. The notation w for
water content was one of the first notations chosen by Terzaghi
in his earliest soil mechanics developments, and its use is so
firmly entrenched that a change would be difficult. Therefore,
some other symbol is preferable for unit weight.

The unit weight or weight per unit of volume is a self-explana-
tory term. It will be designated in this text by the Greek letter .
The following expressions hold for the mass unit weight or unit
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weight of the soil mass as a whole, y:, the unit weight of solids
vs, and the unit weight of water v,,:

_W_G—I—Se @-5)
'Yt‘—'V— 1+6'Y'w 7

_Ws 2-6)
'Ys—Vs

g = — 2.7
0% v (2-7)

The final expression for y; in equation 25 is derived and ex-
plained in Section 7-2. All other terms in the three above equa—
tions are represented in Fig. 2-1.

The unit weight of water, v,, equals between 1.00 and 0.995
gram per cc under natural conditions, and in most soil mechanics
work the value 1 gram per cc is sufficiently accurate. At a tem-
perature of 4°C the value is exactly 1 gram per cc, and is some-
times designated by y,. Other subscripts may be used at other
definite temperatures when extreme accuracy is justified.

The specific gravity is defined in physics textbooks as the ratio
between the unit weight of a substance and the unit weight of
some reference substance, the reference substance in most in-
stances being pure water at 4°C. Thus, equations which are
strictly correct for the mass specific gravity G,, the specific
gravity of solids G, and the specific gravity of water G, are

G = L ©(2-8)

Yo

G, =2 (2-9)
Yo

Gw = L2 (2-10)
Yo

However, v, in the above equations is often replaced by vy, since
the difference between these two values is seldom appreciable.

The specific gravity of quartz is 2.67, and for the majority of
soils its value falls between 2.65 and 2.85. However, a high
organic content will lead to lower values, and the presence of
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some of the less common heavy minerals may lead to larger
values.

Values of the specific gravity G of pure water are given in
tabular form in the next chapter in Table 3-1.

The density is described in physics as unit mass or mass per
unit of volume, and since mass is equal to weight divided by the
gravitational acceleration g, the density may be expressed

_
g

There is little or no occasion to use numerical values of density
in soil mechanics. However, general terms such as “dense” and
“very dense” and their opposites “loose” and “very loose” are
commonly used to denote relative values within the range of
possible void ratios of sand samples.

In the metric system the unit weight in grams per cubic centi-
meter, the specific gravity, which is a ratio, and the density in
grams of mass per cubic centimeter are all numerically equal.
Therefore the three terms are sometimes used interchangeably
In some fields of engineering. No confusion can occur as long as
there is strict adherence to metric units, but when English units
are used confusion is likely to result. The following illustration
may help to avoid the confusion that can be occasioned by this
loose, interchangeable use of terms. ~

The weight of a sample of dry sand may, in accordance with
definitions and notations given above, be expressed as

W = GywsV

P

If the volume is 1 cu ft, reasonable values for the other quantities
are W = 100 1b, G,, = 1.6, and v, = 62.4 lb per cu ft. In cgs
units, the quantities for the same sample would be W = 45,300
grams, G, = 1.6, v, = 1 gram per cc, and V = 28,300 cc. Where
metric units are used, omission of the v, term does not numerically
invalidate the formula. However, if this term is removed, the
formula, from the viewpoint of units—that is, dimensionally—
will be incorrect. Since the first principle of soil mechanies is an
understanding of fundamentals, every effort should be made to
keep all formulas dimensionally correct.
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It has become quite common to designate the mass unit weight
by v rather than by 5:; and the specific gravity of solids by G
rather than G,. Although this dropping of subscripts is not
entirely consistent, it is convenient to have the most frequently
used notations free of subscript. In the following pages, when
these terms appear without subscript, the above-mentioned quan-
tities are to be understood. They are shown in parentheses in
Fig. 2-1. Little chance of confusion exists in these cases, and
subscripts are available for use whenever any possibility of con-
fusion 1s present. Similarly, when unit weight is mentioned
without further designation, the mass unit weight is understood,
and specific gravity without further designation refers to the
specific gravity of solids.

2-3 Illustrative Problems

1. Let it be assumed that a soil sample has a mass specific gravity
of 1.91, a spe01ﬁc gravity of 2.69, and a water content of 29.0 per cent.
The Values of the void ratio, the porosity, and the degree of saturation
are desired.

When all information given is entirely independent of the size of the
sample, the data must be valid for a sample of any size, and the easiest
solution is obtained by assuming some convenient value of weight or
volume.

Assume
Ve = 100 cc
Since G = 2.69, .
W,s = 269 grams
Since w = 29 per cent,

We = 269 X 0.29 = 78 grams and V., = 78 cc
Since gas has no weight,
W =W+ W, = 269 + 78 = 347 grams

Since G, = 1.91,

= 191 gramspercc and V = :;3%'—71_ = 182¢

also
Ve=V — Ve — V=182 — 100 — 78 = 4 cc

These results may be assembled in a form resembling Fig. 2-1:
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100 cc Solids 269 grams
V = 182 cc 78 Water 78 W = 347 grams
82
4 (as |

Finally,

e = % = 0.820

n = t9% = 45.0 per cent
7

® ool

S = 45 = 95.2 per cent

2. Determine simple expressions for relationships between (a) water
content and void ratio; (b) unit weight and unit weight of solids.

Ww _ 'YwV'w _ 'YwSV'v _ f§
Ws  7uGVs vuGVs G

W

I/V"'(I_FW's __71+w

Ve+ V, Vo “l+te
Vs(1+—1—,—s)

2-4 Nomenclature

(@ w =

W, W w
®) ye =2t W _

For many years much confusion existed because there was no
accepted, standard nomenclature in the field of soil mechanics.
This difficulty has been greatly diminished by the publication of
a manual entitled Soil Mechanics Nomenclature by the American
Society of Civil Engineers (6).*

The commonest of the notations which will be used herein are
listed in the Notation following the Preface. This list is sub-
stantially in agreement with that given in the above-mentioned
publication.

2-5 Homogeneity and the Variable Nature of Soils

Soil engineers often state that the more soils they study and
the more test pits they examine, the more they are impressed
with the degree of variability in typical soil deposits. Recogni-
tion of the exceedingly variable nature in almost any soil deposit
is important to all engineers working with soils. In any given
soil stratum the soil properties generally vary with depth and
also vary in horizontal directions.

* Figures in parentheses refer to References at the end of the book.



Hortzontal Vartation 19

If the properties of the material are alike at all points in a
given mass, the mass is defined as homogeneous. It must be
recognized that a soil stratum never is truly homogeneous, yet
almost all theoretical considerations of soil action must be based
on the assumption of homogeneous material. Such analyses must,
therefore, refer to a hypothetical material, any property of which
is an average of values of the given property throughout the
actual soil.

The soil properties at a site may show large local variations,
yet there may be no general trends to the variations, and the
average properties may be essentially the same in all portions of
the site. In other words, there are large variations in properties
at points throughout the mass but the average values are essen-
tially constant. Such variations are called scattering, and the
average values are known as statistical averages. In many types
of problems in which the statistical average properties are essen-
tially constant the assumption of homogeneity introduces no in-
accuracies and offers no difficulties, regardless of the amount of
scattering. In such problems the hypothetical material men-
tioned above may simply be considered to possess statistical
averages for properties rather than the true scattering values.
On the other hand there are situations in which the properties
at critical points, rather than the average properties, control, and
in such problems the use of average properties may give mislead-
ing results. _

An important part of any thorough foundation investigation
is the obtaining of a representative group of samples of the de-
posits present or of the critical materials therein. The word
representative signifies that the samples should show the range
in variation which exists in each soil type and that the number
of samples obtained should be sufficient to permit the determina-
tion of reasonably dependable values of average soil properties.

2:6 Horizontal Variation

Variation with depth is usually an expected condition in a soil
deposit. Of perhaps more importance and more concern to the
soil engineer is horizontal variation.

Horizontal variation is a trend toward changes in statistical
average conditions in the horizontal direction. It may refer
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either to variation in soil properties or to variation in strata
thicknesses. Variations of the former type are often hard to de-
tect and difficult to determine quantitatively, because the magni-
tude of variation may be less than the amount of scattering
relative to local statistical average values. Included in the cate-
gory of horizontal variations are local soft spots which the soil
engineer must consider, for example, when they exist below in-
dividual footings. However, the broader meaning of the term
pertains to a definite trend over a considerable distance.

2-7 Aleotropy and Stratification

A relatively homogeneous soil deposit is often referred to as a
stratum. Within such a stratum, however, there may be hun-
dreds of small, noticeably different strata, and the word stratifi-
cation refers to the condition resulting from the existence of
these many small strata. If a material has like properties on all
orientations of planes, it is called isotropic; if not, it is called
anisotropic or aleotropic. Largely because of stratification dur-
ing their formation, soils are seldom truly isotropiec.

Two common types of aleotropy occur in soils. One is alter-
nating strata of materials of different fineness, which is a true
stratification. The other is the structural arrangement resulting
during deposition or from stress applications, in which variations
from a random orientation of particles or particle groups occur.
This type of aleotropy occurs in greatest degree in highly com-
pressible soils. It will be considered to be a type of stratification
in this text, although this type of aleotropy is not always classi-
fied as stratification.

2-8 TUnits

Two systems of units are in common use, the metric and the
English systems. Much could be written on the desirability of
adopting the metric system and rejecting the English system but
such a discussion will not be attempted here. Since the funda-
mental aim of soil mechanics is a closer tie between physics and
engineering, it is inevitable that both systems will appear and
that frequent conversions of units will be necessary. Therefore
facility in converting units is important to the soil engineer.

No conversion tables will be given herein, since they are avail-
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able in the library of any engineer. However, the relationships
between stress units are so frequently encountered that they
will be mentioned.

1 ton per sq ft = 0.976 kg per sq cm = 0.945 atmosphere

In the above the standard atmosphere, equal to 14.70 1b per sq in.,
is used. It is seen that these three common units of pressure are
equal to each other within about 5 per cent. In instances where
accuracies closer than 5 per cent are not needed (as in a large
portion of soil mechanics analyses), these three units of pressure
may be assumed equal.

PROBLEMS

1. The weight of a watch glass and a sample of saturated clay is 68.959
grams. After drying, the sample weighs 62.011 grams. The watch glass
weighs 35.046 grams, and the specific gravity of the soil is 2.80. Determine
the void ratio, the water content, and the porosity of the original sample.

2. A moist sand sample has a volume of 464 cc in natural state and a
weight of 793 grams. The dry weight is 735 grams, and the specific gravity
is 2.68. Determine the void ratio, the porosity, the water content, and the
degree of saturation.

3. (@) A dry soil has a void ratio of 0.65, and its grains have a specific
gravity of 2.80. Determine the unit weight in pounds per cubic foot.

(b) Sufficient water is added to the sample to give a degree of satura-
tion of 60 per cent. No change in void ratio occurs. Determine the water
content and the unit weight. '

(¢) The sample next is placed below water Determine both the ap-
parent unit weight and the true unit weight for each of-the following
assumptions: (1) that the degree of saturation remains at 60 per cent (this
condition is not likely to occur); (2) that the degree of saturation becomes
95 per cent (a typical condition); (3) that the sample becomes completely
saturated. '

(d) Determine the percentage error involved in the value obtained for
the true unit weight if the sample actually is 95 per cent saturated but is
assumed completely saturated.

4. A saturated clay has a water content of 39.3 per cent and a specific
mass gravity of 1.84. Determine the void ratio and the specific gravity.

5. For a certain series of laboratory tests the following data are avail-
able:

Volume of container 0.0333 cu ft
Weight of container 3378 grams
Specific gravity of soil 2.86



22 Preliminary Considerations

Five soil specimens at different water contents were placed in turn in the
container, a standard method of tamping being used and the container
being just filled for each sample; the following data were obtained:

Water content (per cent) 0.201 0215 0.223 0233 0.251
Container and wet soil (grams) 5038 5113 5165 5178 5163

Make plots of- (a) unit weight versus water content, (b) weight of solids
per unit of total volume versus water content, (¢) void ratio versus water
content. (For further information on this type of test reference may be
made to Section 18-2 and Fig. 18-2.) .

6. A saturated sample of soil has a volume of 1 cu ft and a weight of 130
Ib. The specific gravity of the soil particles is 2.79.

(a) Assume that the pore fluid is pure water and determine the water
content and the void ratio.

(b) Assume-next that the pore fluid is salt water with a specific gravity
of 1.025. Let the weights of solid matter, pure water, and salt content be
designated by Wg, Wy, and W, respectively. Determine the void ratio
and the values of ratios W,/ Wy, (W, + Wp)/ Wy, and W/ (Wg+ Wp).

(¢) Give suggested names for the three final ratios determined in part
(b). Determine the amount of error involved if the assumption of part (a)
is used when the assumption of part (b) is the correct one.
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SIMPLE SOIL TESTS AND CLASSIFICATION TESTS

31 General

A number of soil tests which are in common use do not require
special theoretical considerations. The soil properties they fur-
nish are physical properties rather than mechanical properties.
The study of such tests does not belong in any specific chapter of
soil mechanics, but the data they furnish are required or are
desirable for the majority of soil investigations. Such tests will
be presented in this chapter and will include the following.

Simple tests for: Classification tests for:
Water content Atterberg limits
Specific gravity Grain-size distribution
Void ratio Field or preliminary tests for:
Relative density Identification of soil types

Although there may be much value in the standardization of
laboratory procedures for many types of tests, the aim of this
chapter is to outline the fundamental concepts involved. There-
fore, very few detailed testing instructions will be given. For
standardized procedures the reader is referred to other publica-
tions (9, 33).

32 Water Content Determination

Determinations of water content are required for all types of
soils, in conditions varying from saturation to that in which the
moisture is of a hygroscopic nature and in so small a quantity
that to the eye the sample appears to be dry. They are also
required as a part of many of the more elaborate tests.

The containers and the sizes of samples used may vary widely
but in typical cases three measurements are needed. If the
weight of the container is designated as W, the three measure-

ments are
23
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The original weight of sample and container,
Wy=W,+ W+ W,
The dried weight of sample and container, W2 = W.,+ W
The weight of the container, W,
The water content is expressed in percentage and is given by

Wi — Ws

- 2 3-1
T (3-1)

3:3 Specific Gravity Determination

The specific gravity is relatively unimportant as far as effect
on the qualitative behavior of soils is concerned. However, it
must be determined for the majority of soils tested, since it is
needed for determination of such properties as void ratio and
degree of saturation.

On occasion, the presence in many soils of numerous minerals,
each having a different specific gravity, may lead to difficulties.
For example, in a boulder clay the boulders and other coarse
particles may have an average specific gravity which differs
appreciably from that of the fines, and many problems occur
wherein excessive errors will result if this characteristic is not
considered. However, unless otherwise mentioned, the average
value for all grains is understood to be referred to when the
specific gravity of a soil is mentioned.

The pycnometer or constant volume method has been found
to be the most reliable for determinations of specific gravity.
Commonly, about 200 grams of dry weight of sample, a 500-ce
constant volume or pycnometer bottle, and distilled water are
used.

Three weight measurements are necessary. The most impor-
tant and most difficult of the three is a weight determination of
the bottle with soil and water filling it just to the constant vol-
ume mark at a known temperature. The greatest care must be
used to expel all air from the mixture. The air is expelled by a
gentle boiling, which may be obtained either by heating or by
evacuating or by both. A dependable reading of the average
temperature of the mixture can be obtained only if the tempera-
ture is approximately constant throughout. To maintain a con-
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stant temperature and to aid in expelling air an almost continu-
ous agitation of the mixture during boiling is desirable.

The other weights required are the dry weight of the soil and
the weight of bottle filled to exactly the same mark with pure
water at the same temperature as in the first measurement. A
calibration of the bottle, giving this weight as a function of
temperature, will eliminate the necessity of a reading for each
test.

The measurements thus are

Weight of pycnometer bottle, soil and water = W,
Weight of pycnometer bottle with pure water = W,
Dry weight of soil = W,

If the soil could be removed from the bottle just after the first
reading and if a volume of water just equal to the soil volume were
removed after the second reading, the weights resulting for the
two processes would be alike. The amount of water which has a
volume equal to the soil volume would weigh W, X Gr/Gs, wherein
Gr, the specific gravity of water at the temperature of the test,
may be obtained from Table 3-1. Therefore

Gr
W]_—WS=W2—W3——
Gs
whence
GrW
G, = - (3-2)
Ws - Wl + Wz
TasLeE 3-1 SpeciFic GRAVITY OF DisTILLED WATER
°C 0 1 2 3 4 5 6 7 8 9

0 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 0.9998
10 0.99973 0.99963 0.99952 0.99940 0.99927 0.99913 0.99897 0.99880 0.99862 0.99843
20 0.99823 0.99802 0.99780 0.99757 0.99733 0.99707 0.99681 0.99654 = 0.99626  0.99597
30 0.99568 0.9954  0.9951 0.9947 0.9944 0.9941 0.9937 0.9934 0.9930 0.9926
40 0.9922 0.9919 0.9915 0.9911 0.9907 0.9902 0.9898 0.9894 0.9890 0.9885
50 0.9881 0.9876 0.9872 0.9867 0.9862 0.9857 0.9852 0.9848 0.9842 0.9838
60 0.9832 0.9827 0.9822 0.9817 0.9811 0.9806 0.9800 0.9795 0.9789 0.9784
70 0.9778 0.9772 0.9767 0.9761 0.9755 0.9749 0.9743 0.9737 0.9731 0.9724
80 0.9718 0.9712 0.9706 0.9699 0.9693 0.9686 0.9680 0.9673 0.9667 0.9660
90  0.9653 0.9647 0.9640 0.9633 0.9626 0.9619 0.9612 0.9605 0.9598  0.9591

To get unit weight of water in the English system multiply by 62.424.
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As previously mentioned the specific gravity G may be desig-
nated by G whenever this dropping of subscript leads to mno
confusion.

3:4 Void Ratio Determinations

Void ratio determinations are very simple in principle, but
considerable difficulty is often experienced if accurate determi-
nations are required. Where accuracy is desired a careful study
of the precision of the various observations is essential.

Void ratio computations are usually obtained from observa-
tions giving the sample volume V, the dry weight of the sample
W, and the specific gravity of solids G. When the volume of
solids is expressed as Wy/Gvy, there results

W,
V=G vV ~
¢ — Yw _ Yw _1 (3 . 3)
Ws W,g
G w
It may easily be shown also that the void ratio may be expressed
as
W, G
~ (3-4)
Ws S

By the use of the above equation, it is possible to determine the
void ratio of a specimen which is initially saturated or nearly
saturated if the weights of water and of soil in the specimen
are known. However, the accuracy of such a determination
depends largely on the accuracy of the value used for S. This
procedure must be used with care, therefore, because many soils
which appear to be completely saturated contain appreciable
amounts of gas.

3:5 Relative Densities of Granular Soils

The limiting range of void ratios for any given granular soil
may be found experimentally, the upper limit by pouring the
soil loosely into a container and determining its weight and
volume, the lower by tamping and shaking the soil until it has
reached a minimum volume, and measuring weight and volume
as before.
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The location of the void ratio of a given soil sample within
the range of these two limiting values offers a convenient meas-
ure of the relative compactness, or relative density. The value
of the relative density of a given soil under given conditions
usually gives a clearer idea of the state of density than the
value of the void ratio itself gives.

Consider a sample of sand which has a void ratio e. Let the
limiting void ratios of the same sand, determined as outlined
above, be en. and enin. Then the relative density Dg of the
sample is defined by

€max — € ‘
D, = (3-5)

€max — C€min

A sand in its loosest state has a relative density of zero; in
its densest state a value of unity. It should be recognized,
however, that different procedures in placing the soil will lead
to somewhat different values of the limiting void ratios emax
and epin. Thus it 1s evident that the compacting procedure must
be standardized before different observers can obtain like results.

3-6 Atterberg Limit Determinations

A description of the Atterberg Limits and Indices and a dis-
cussion of their applicability are given in Section 4-8. Only brief
explanations of the tests for determining the limits are given
here.*

The liquid limit w; is the water content at which a clay is
practically liquid but possesses a certain small shearing strength,
this arbitrarily chosen strength being presumably the smallest
value that it is feasible to measure by a standardized procedure.
The apparatus for the determination of this property is shown
in Fig. 3-1. A clay is at the liquid limit if 25 blows in this
standard apparatus just close a groove of standardized dimen-
sions which is cut in the sample by the grooving tool shown in
the figure. Trials at several water contents on thoroughly mixed
specimens with water contents determined as explained in Section
3-2 allow the plotting of the curve shown in Fig. 3-2, known
as the flow curve. The liquid limit may be read from the curve,

* For further details see reference 9.
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and a trial just at 25 blows is not needed. The logarithmic
scale of blows is used for convenience, since it has been found
that it gives a straight line plot.

The plastic lvmit w, is the smallest water content at which a
soil is plastic. It is obtained by rolling out samples at slowly

A-A B-B
Section

Grooving
tool

|-<~60 mm->

3 &\\\\\\\\\\\\\\ NI

F1e. 3-1 Apparatus for liquid limit determinations. (A. Casagrande.)

decreasing water content until that water content is reached at
which a thread 14 in. in diameter just begins to crumble. The
threads may be rolled on a glass plate with the hand; consistent
results can be obtained without special apparatus.

The shrinkage limit ws is the smallest water content that can
occur in a clay sample which is completely saturated. Two
methods for determining the shrinkage limit will be given, the
first for the case in which the specific gravity is not known.
In Fig. 3-3 let (a) represent a specimen in the plastic state
which just fills a container of known volume V; and has a
weight W; which has been measured. This specimen then is
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dried gradually. As it reaches the shrinkage limit the speecimen
is represented by (b), after which it continues to dry with no
further volume change until it reaches the dry state represented
in (¢). In this state the dry weight W is determined and the
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Fic. 3:2 Plot used in liquid limit determinations.

volume Vs is also obtained. This final volume is best obtained
by displacement of mercury. Into a special dish which is level-
full of mercury the soil sample is so placed as to displace its
volume of mercury. The displaced mercury can then be weighed
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F16. 3-3 Diagrams used in the derivation of the shrinkage limit expression.

%, Air T

and this weight divided by the unit weight of 13.6 grams per ce
gives the desired volume.

The shrinkage limit equals W,/W, as shown in (b). The
weight W,, equals W; minus W, minus the weight of water ex-
pelled in passing from (a) to (b); the expelled water has the
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volume V; — Vs and therefore the weight v, (Vi — Vs). Thus

(W= W) — vu(Vi — Va)
2

This method also gives a determination of the specific gravity
which, however, is not so accurate as that obtained by the method
described in Section 3-3. From Fig. 3:3 (a),

We W
Vs Wl - Ws
V —_

1

Yw
whence
W
G = 3-7)
: Vl'Yw - Wl + Ws

If the specific gravity of the soil is known the shrinkage limit

may be determined from values of W, and V,. An expression
for Wy is vw (Ve — Vi) or vu[Ve — (Ws/Gvw)], whence

wVo 1
wy = 12 2 (3-8)
W G

3:7 Determination of Grain-Size Distribution by Sieving

‘Mechanical analyses or grain-size distribution determinations
of coarse materials can easily be made by passing a sample
through a set of sieves and weighing the amounts retained on
each sieve. Considerable attention has been given to obtaining
a satisfactory screen scale and to correcting for errors inherent
in the method. However, such items are of little concern in this
discussion, inasmuch as a high degree of accuracy is unnecessary.
The use of a good standard set of sieves, well made and in good
condition, will give sufficiently accurate results.

The finest screen which is practicable i1s a 200-mesh, with
openings of 0.074 mm. If the sample being analyzed contains
a large proportion of grains below this diameter, the finer ma-
terial will have to be studied by other means. Since soil par-
ticles do not pass through the 200-mesh sieve with as much
ease as they do through the coarser sieves, an accurate determi-
nation of the percentage passing 200-mesh sometimes requires
washing the fines through the sieve.
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The results of a grain-size analysis are usually expressed by
a graph showing the aggregate weight, in per cent of the total
weight, of all grains smaller than any given diameter. A log-
arithmic scale for diameters gives the best representation of
size distributions; it will be discussed in greater detail under
the subject of size classifications in Section 4-9. In Fig. 3-4,
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F1a. 3-4 Grain-size distribution curves.

four mechanical analysis curves are shown; curves I and II,
for sands, were obtained by sieving.

3:8 Stokes’s Law

The most convenient methods for determining the grain-size
distribution of soils too fine to be screened are based on the
law that grains of different sizes fall through a liquid at differ-
ent velocities. If a single sphere is allowed to fall through a
liquid which is of indefinite extent, its velocity will increase
rapidly at first under the acceleration of gravity; however, a
constant terminal velocity is practically reached within a few
seconds and is maintained indefinitely, as long as conditions are
not changed. The terminal velocity is expressed by Stokes’s

Law:
Ys — Yw
=———D? 3-9
N v 5 (3-9)
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where v and v, are the unit weights of sphere and Hquid, respec-
tively, u is the viscosity of the liquid, and D is the diameter of
the sphere.

As a numerical example, the time required for settlement in
a small test tube like that mentioned in Section 3-13 will be deter-
mined. Assume particles with a unit weight of 2.70 grams per cc
and a diameter of 0.06 mm falling in water at a temperature of
20°C. From Table 3-2 the viscosity is 0.01009 dyne sec per
sq em or 0.01009/980.7 gram sec per sq cm. Using cgs units,

2.70 — 0.998 (0 06>
0 01009
980.7

= (.33 cm per sec

TaBLE 3-2 ViscosiTy oF WATER

(From International Critical Tables)

Values are in millipoises.

°C 0 1 2 3 4 5 6 7 '8 9

0 1794 17.32 16.74 16.19 1568 15.19 14.73 1429 13.87 13.48
10 13.10 12.74 12.39 12.06 11.75 11.45 11.16 10.88 10.60 10.34
20 10.09 984 961 938 916 895 875 855 836 8.18
30 800 7.83 7.67 751 736 721 7.06 692 6.79 6.66
40 6.54 6.42 630 6.18 6.08 597 587 577 5.68 5.58
50 549 540 532 524 515 507 499 492 484 4.77
60 470 463 456 450 443 437 431 424 419 4.13
70 4.07 402 396 391 386 381 376 371 3.66 362
80 357 353 348 344 340 336 332 328 324 3.20
90 3.17 3.13 310 306 3.03 299 296 293 290 2.87

100 284 282 279 276 273 270 267 264 262 259

1 dyne sec per sq cm = 1 poise

1 gram sec per sq cm = 980.7 poises
1 pound sec per sq ft = 478.69 poises
1 poise = 1000 millipoises

The estimated accuracy is 0.1 per cent between 0° and 40°C and 0.5 to 1
per cent at higher temperatures. Values given are for atmospheric pressure.
To correct for pressure multiply by [1 + k(p — 1)107%] where p is the abso-
lute pressure in kilograms per square centimeter and % is a coefficient which
is smaller than 2 numerically for all conditions. Therefore variations in vis-
cosity caused by variations in p may be neglected for ordinary pressures.
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and the time required to fall through the height of the small
test tube (10 ecm) is 10/0.330 or 30 sec.

With material of a density approximating that of soil grains,
Stokes’s Law is applicable for spheres between about 0.2 and
'0.0002 mm in diameter falling through water. When the spheres
are larger than 0.2 mm, turbulence occurs in the water immedi-
ately surrounding the descending sphere, and thus the assump-
tions on which the derivation of the formula is based are in-
validated. When the spheres are smaller than 0.0002 mm
Brownian movement occurs and, although Stokes’s Law is not
necessarily inapplicable, the velocities of settlement are too
small to be measurable. ‘

Application of Stokes’s Law to the observation, direct or in-
direct, of the rate of fall of a large number of soil particles
suspended in water in a container is inaccurate because:

1. The particles are never truly spherical; in fact the shapes
may bear little resemblance to spheres.

2. The body of water is not indefinite in extent, and, since
many particles are present, the fall of any particle is influenced
by the presence of other particles; similarly, particles near the
side walls of the container are affected by the presence of the
wall.

3. An average value for specific gravity of grains is used;
the value for some particles may differ appreciably from the
average value. -

The second item is minimized if a fairly large container and
a relatively small amount of soil are used. For concentrations
of less than 50 grams per liter it has been shown that the influ-
ence of the particles on each other is not appreciable. For the
general run of soils the -third item is not of major importance
either. .

The first item, however, presents a difficulty that cannot be
overcome, and the concept of an equivalent diameter must be
introduced; any particle which has the same velocity of fall as
a sphere of the same unit weight and of diameter D will be
said to have an equivalent diameter D. Thus it must be recog-
nized that the diameter scale for any mechanical analysis plot
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based on Stokes’s Law shows equivalent diameters rather than
any actual dimensions of particles.

Values of unit weight and viscosity of water at various tem-
peratures are given in Tables 3:1 and 3-2. A value worth
remembering is the rough average of 10~ gram sec per sq em
for viscosity. Also an easily remembered form of Stokes’s Law
is

v = 9000D? (3-10)

where v is in centimeters per second, D is in centimeters, and
the constant is the value holding for a temperature of 20°C, a
specific gravity of 2.67, and settlement in water.

3:9 Methods of Mechanical Analysis by the Sedimentation
Principle

A number of methods (see Chapter 2 of reference 86) have
been proposed and numerous procedures have been used for
determining the grain-size distribution curves of fine-grained
materials by the sedimentation principle expressed in Stokes’s
Law. Only a brief summary of these methods, with short de-
scriptions of the commonest types, can be given herein because
of space limitation. A detailed description will be given of the
hydrometer method only.

Procedures which make use of Stokes’s Law may be arbitrarily
grouped according to methods based on:

1. Successive sedimentation.

2. Sedimentation into clear water.

3. Observations of amount of sediment per unit of volume at
a given point in the sedimentation tube.

4. Observation of the total amount of soil in suspension above
a given elevation. .

5. Observations of total sedimented soil.

6. Elutriation.

Successive sedimentation is perhaps the most obvious method
of determining the grain-size curve. To determine the per cent
that is coarser than any chosen diameter D, the time required
for a grain of this diameter to fall through the height of a sedi-
mentation jar is first computed. Then a sample of known dry
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weight is uniformly dispersed and allowed to settle for the com-
puted time. The resulting sediment will contain all particles
larger than diameter D but only a portion of those smaller; for
example, it will contain only 25 per cent of the grains of diameter
¥%D. A repetition will remove still more of the smaller particles
from the sediment; after two runs only 144 of the original grains
of diameter 14D will be present. Sufficient repetition will re-
move practically all grains which are appreciably smaller than
diameter D, and the sediment may then be weighed to give a
point on the distribution curve. This procedure may be used
to separate the sample into fractions if desired, but as a method
for determining the distribution it is much too laborious and
time-consuming to be of practical value.

Sedimentation into clear water, with the entire sample in-
serted in the water at a given height at the outset of the test,
leads to the simple situation wherein all particles of like grain
size reach the base of the sedimentation tube at the same time.
At any given elapsed time the minimum diameter in the sedi-
ment may be computed by Stokes’s Law, and the sediment will
contain all particles coarser than this diameter. The weight
of the sediment may be approximated by observing the depth
of the sediment and assuming that the depth and the weight
are proportional. Direct measurements of weight are more ac-
curate, however, and special types of apparatus exist for such
determinations. A main disadvantage of this method is that
very small samples must be used or the sample, when initially
inserted into the sedimentation tube, will be so concentrated that
Stokes’s Law will not be valid.

The method in which observations are made to determine the
concentration in a suspension which originally is uniformly dis-
persed is used in the hydrometer test, described in Section 3-10.
Another application of this method results when side outlets in
the sedimentation jar are provided for removal of small samples
which are tested for solid content.

The pressure at a point in the suspension at a given depth is
equal to a summation of unit weights throughout the height of
the suspension above. The pressure is thus a measure of the
amount of soil in suspension. Observations of this pressure as
a function of elapsed time are sufficient to allow the determina-
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tion of the grain-size curve. The Wiegner Method (170), which
utilizes this principle, has seen considerable use.

Methods based on observations of the total amount of soil
which has settled from a suspension are closely related to those
discussed in the preceding paragraph, and mechanical analysis
curves are similarly obtained.

Elutriation methods are based on the principle that in up-
ward flow of water at a given velocity large particles settle
faster than the upward flow, whereas particles smaller than some
given diameter are carried upward and may thus be separated
out. Various types of elutriation apparatus which have given
satisfactory results have been developed, and many testing engi-
neers favor this type of test. However, for simplicity and speed
of testing, elutriators can hardly compare with such methods as
the hydrometer method. A source of inaccuracy in elutriation is
the variation in the upward water velocity over the cross section
of the tube.

3-10 The Hydrometer Method

The use of an immersion hydrometer to measure the specific
gravity of a liquid is well known. This principle can be extended
to the measurement of the varying specific gravity of a soil sus-
pension as the grains settle, thereby determining the grain-size -
distribution diagram. The hydrometer method (reference 28 and
the standardized test in reference 9) is so widely used in this
country that a thorough development of the principles of the
method will be given.

Step 1 UxNiT WEIGHTS IN A SEDIMENTATION TUBE

The first step in the presentation of this method is to obtain
the expression for unit weight in a suspension at any time and
at any depth. The suspension of volume V, containing a total
weight W of suspended soil is initially mixed thoroughly. At
the instant sedimentation starts every element of volume contains
the same concentration of suspended soil; for example, a 1-liter
suspension containing 50 grams of soil will have 50 mg of soil in
every cubic centimeter. The initial unit weight of the suspension
is easily expressed. In each unit of volume of suspension the
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weight of solids is W/V, and the volume of solids is W/Gv.V
Since this unit of volume is composed of solids and water, the
volume of water must be 1 — (W/Gv,V) and the weight of
water v, — (W/GV). The initial unit weight is thus

7i="—+(7w_-——

- or

G—-1W
G Vv

Yi = Yw + (3'11)

Consider now a point at any depth z below the surface of the
suspension and let ¢ designate the time elapsed since the start of
sedimentation. The size of particle D, which would just fall
from the surface to the depth z in time ¢, may easily be computed
from Stokes’s Law, which may be written in the form

(\]

V=-=CD?

1/_1.5 (3-12)
Ci

At depth z there are no particles coarser than diameter D, since-
all such coarse particles will in time ¢ have fallen a distance
greater than z. Thus D as expressed by equation 3-12 is called
the limiting drameter.

In any small element of volume at depth z the weight of all
particles of sizes smaller than diameter D is unchanged; since
the particles of any given size initially were uniformly dis-
persed, they have fallen at the same speed, and therefore as
many particles of any sizes smaller than D have entered at the
top of the element as have left through the bottom of the ele-
ment. Within the element, therefore, all particles coarser than
D have disappeared, and the content of particles smaller than
D is unchanged. Let N be the ratio between the weight of par-
ticles smaller than D and the weight of all particles in the
original soil sample. The weight of solids per umit of volume
at depth z and time ¢ becomes NW/V, and the unit weight is

[

whence

D
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L 1N (3-13)
Y = Yw q v
whence
N @ 4 ( ) (3-14)
- G _ 1 W 'Y Yw

The ratio N of equation 3-14 represents the fraction of soil
finer than the diameter expressed by equation 3-12. Therefore
a determination of unit weight at any known depth and at any
elapsed time furnishes a point on the grain-size distribution
curve. One procedure for determining such unit weights em-
ploys the hydrometer method.

Step 2 THE ActioN or THE HYDROMETER

A streamlined hydrometer of the type used for determinations
of grain-size distribution curves is shown in Fig. 3:5 (a). The
hydrometer reading 7 is observed at the surface of the fluid on
a scale in the stem of the hydrometer, and when the hydrometer
is immersed in a uniform liquid this reading is the specific
gravity of the fluid. However, this type of hydrometer usually
is calibrated to read unity in pure water at the temperature of
calibration, and in other fluids

r=— or vy =1y, (3-15)
Ye
where vy is the unit weight of the fluid and y, is the unit weight
of water at the temperature of calibration. The reading r is
correctly designated as a specific gravity, although the refer-
ence material 1in this case is not water at 4°C, which is com-
monly used.

When a hydrometer floats in a fluid, the weight of the hy-
drometer Wy is supported by the buoyancy which is equal to
the weight of displaced fluid. If the fluid is of constant unit
weight,

7fA dz = Wg (3-16)

where A is the area at depth z and the integration includes the
entire submerged height of the hydrometer.
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After sedimentation has been in progress for a while in a
grain-size analysis, the unit weight varies with depth somewhat
as shown in Fig. 3-5 (b). In this case the buoyancy integral
must be written

f'yA dz = WH (3'17)

If a reading r is obtained in this variable suspension it must be
an average specific gravity. The figure shows that the specific
gravity is less than r opposite the upper part of the hydrometer,
greater than r opposite the lower part, and at some specific
depth near the middle of the bulb it must be equal to r. If this
specific depth can be located, the hydrometer reading furnishes
the unit weight at a known depth.

A. Casagrande (28) demonstrated that, if it is assumed y varies
linearly with depth, the inaccuracies involved in the following
demonstration are in general small and never exceed 3 per cent.
The expression for linear variation of unit weight may be
written

v =C; 4+ Csz (3-18)

At the specific depth near the middle of the bulb where v is equal
to rv. the value of z will be designated by z,, and

-7"70 = C; + Csz, (319)

If the value of v from equation 3-18 is substituted in equation
3-17 and the value of ry, from equation 3-19 is substituted for v
in equation 3-16, and if the left-hand sides of equations 3-16 and
3-17 are then equated, it is found that

By = ———— (3-20)

This equation expresses the distance to the center of volume.
It signifies that the depth at which the specific gravity is equal
to the hydrometer reading r is the depth to the center of im-
mersed volume, commonly called the center of immersion. The
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hydrometer reading therefore furnishes the unit weight at the
depth of the center of immersion.

By calibration of the hydrometer, 2z, distances may be ob-
tained for all values of ». As an example, one hydrometer of
the type used in grain-size analyses has for its calibration

2z, = 94 cm whenr = 1.030

(3-21)
2, = 22.1 cm  when r = 1.000

and linear variation may be assumed between these limiting
values of r.

For each observed value of r the corresponding depth z, is
given by the calibration, the unit weight is given by equation
3:15, and the time is observed; except for corrections which
remain to be discussed, these values may be used, respectively,
for 2z, vy, and t in equations 3-12 and 3-14 to furnish the co-
ordinates of points on the grain-size distribution curve.

STEP 3 (CORRECTIONS

Hydrometer readings are usually taken at elapsed times of
14, %, 1, and 2 minutes with the hydrometer remaining in the
suspension for the first two minutes. For these four readings
the 2, readings are used as z values in equation 3-12.

Subsequent readings are taken at 5, 10, 20, and 40 minutes,
and so on. Just before each of these readings the hydrometer
is placed in the suspension, and just after the reading it is re-
moved; thus a correction for immersion, shown by Fig. 3-5 (¢),
must be introduced. The distance to the center of immersion is
shown at the right. However, the particles of limiting diameter
D which are at level B have not settled the distance z,, but have
settled the distance A'B’ or z,’; there is a difference because the
insertion of the hydrometer increases distance A’B’ to distance
AB. The difference between these two distances is a constant,
approximately equal to one-half the hydrometer volume Vg
divided by the area of the jar A;, and for the five-minute read-
ing and later readings it is the actual distance of settlement,
2, — (Vu/24,;), which must be used for z in equation 3-12.

The working form of equation 3-12 for the early readings
with no immersion correction is, therefore,
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Fic. 3-5 Details pertaining to the hydrometer analysis.

18u Zr
D =q|—— 4 |— (3-22)
Ys — Yw VU

and for later readings, for which immersion corrections are required,

\/ J 2A" (3-23)
- Yw

It can be demonstrated that equation 3-23 applies with reasonable
accuracy to the five-minute reading even though the hydrometer
~ is in the suspension for the first two minutes. Calibration curves
giving both 2z, — (Vg/2A;) and z, versus r for any hydrometer
are easily prepared and are commonly used.

A number of corrections may be automatically cared for by
- keeping an extra hydrometer jar containing clear water beside
the jar used for the test and obtaining occasional specific gravity
readings 7, In the water. The term v — 7, of equation 3-14
becomes ~v.(r — r,), and three important corrections are common
to r and r,, and are eliminated in their difference (r — r,). These
corrections are: (1) the meniscus correction which enters because
readings can be made only at the top of the meniscus in an opaque
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suspension; (2) the correction for expansion of the hydrometer

bulb due to temperature; (3) the correction that is required if the

scale in the hydrometer stem is not accurately set. Equation
3-14 thus becomes

¢ 7 3-24

G — 1 W'Yc(r Tw) _ ( )

Because the volume V is commonly 1000 cc, and some of the
other quantities in equations 3-22, 3-23, and 3-24 are constant
for any given case, much simpler forms of equations result in
any test.

Because of turbulence and the reduced area of suspension dur-
ing the period when the hydrometer is immersed, the first one
or two readings in a hydrometer test are often inaccurate and
should be rejected if erratic.

It is sometimes desirable to obtain a check by first dispersing
the suspension thoroughly and running the test for 2 minutes
without removing the hydrometer, then stopping the test, shak-
ing the suspension once more, and starting again, this time not
inserting the hydrometer until the two-minute reading.

In all instances the hydrometer must be inserted and removed
slowly and smoothly to cause as little turbulence as possible.

A common range of unit weights for soil hydrometers 1s 0.995
to 1.030 grams per cc. If the soil to be tested is fine enough so
that most of it passes the 200-mesh sieve, the recommended dry
weight of sample for tests with these hydrometers is about 45
or 50 grams. If some coarse material is present the weight
should be such that the first hydrometer reading will be less
than 1.030. For silty soils it is generally more convenient to
obtain the dry weight before the test. For many clays the dry
weight must be obtained at the conclusion of the test since dry-
ing may cause permanent changes in grain sizes.

3-11 The Hydrometer Method under Multiple Gravity

The procedure outlined in the previous section is satisfactory
when the grain-size curve is desired only for sizes greater than
1 or 2 microns. In fine clays a large percentage by weight may
be finer than these sizes.

An apparatus developed by F. H. Norton (109) for testing
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fine clays is an elaboration of the hydrometer method. In this
apparatus the jar is suspended at the end of a rotating arm.
The centrifugal force caused by rotation introduces an accelera-
tion many times greater than gravity and causes much faster
settlement than occurs under gravity alone. Grain-size distri-
bution curves which extend to 14, micron may be obtained in
a few hours by the use of this apparatus.

3-12 Prevention of Flocculation

The conditions under which soil grains tend to adhere and
form grain groups or flocs are described in Section 4-7. If
flocculation takes place in a soil suspension, Stokes’s Law may
no longer be used for determining grain sizes. Thus, if there is
any tendency toward flocculation, preventive treatment is neces-
sary. When flocculation begins, the individual flocs may some-
times be seen in the suspension, and cloudiness or actual lines of
demarcation between clear water and flocculent suspension will
follow.

Numerous deflocculating agents, including electrolytes, pro-
tective colloids, and organic preparations, have been used. Each
seems to work in certain cases but none has yet been found that
is satisfactory for all soils, and no satisfactory test to deter-
mine which agent is most likely to work has yet been devised.

The material most commonly used as a deflocculating agent
is sodium silicate, or water glass, of which 5 cc of 3° Baumé
solution per liter of suspension usually give good results. An-
other material which is often satisfactory is Daxad 23, of
which the approximate equivalent of 14 gram in solid form in
50 grams of soil is required for good results. There are soils
in which water glass gives good results and Daxad is unsuccess-
ful, and vice versa. On the infrequent occasions when neither
substance gives satisfactory results, there are others which may
be tried. Hydrogen peroxide is sometimes effective. Boiling
sometimes removes the flocculating tendency. Successive wash-
ings of the soil often give the desired result but this procedure
is not always practicable with very fine soils. Trials of the
efficiency of different deflocculants may sometimes be made to

+ A cement deflocculent manufactured by Dewey & Almy Co., Cambridge,
Mass. |
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advantage in test tubes, although actual test conditions give the
only conclusive indications.

3-13 Simple Field Tests for Identification Purposes

A considerable amount of experience of the type given by an
intimate acquaintance with many soil types is required for high
grade results in field identification of soils. However, a famili-
arity with the following list of relatively simple field tests and
with the soil types discussed in Chapter 4 will allow a reason-
able facility for rough identifications. Such a familiarity will
avoid frequent errors of the more common types and therefore
is desirable for every engineer who has any field connection
with foundation or soil engineering.

A list of simple tests which are very helpful in the making of
rough field identifications and preliminary laboratory identifica-
tions of soils has been set up by P. C. Rutledge (123) in a form
quite similar to that which follows:

1. Visual examination of the grain size and grain shape of
coarse-grained soils, and of the texture and color of fine-grained
soils. |

2. Determination of strength loss due to structural disturb-
ance, obtained by crushing the soil and working it with the
fingers. (The extreme importance of change of structure due to
structural disturbance is not adequately emphasized until later
chapters.)

3. Determination of the feel of the soil, Whether gritty or
soapy, by rubbing between the fingers.

4. Determination of the mobility of the pore water, obtained
by shaking a piece of soil horizontally in the hand to bring
water to its surface if possible and then gently squeezing the
specimen. (If shaking easily brings water to the surface, thus
producing a shiny or glossy appearance, and the surface dries
on squeezing, there is high mobility. If the surface shows no
change in appearance during shaking and squeezing, there is a
low mobility. For this test the sample must contain sufficient
water and, if it is too dry, water must be added; however, there
is little diffieulty in getting the desired water content.)

5. Determination of grain sizes in fine-grained soils or the
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existence of fine particles in coarse soils. (This determination
is accomplished by shaking a small sample in a test tube of
water and allowing to settle. The time required for particles to
fall through a distance of 4 in., which is the length of a small
test tube, is about 14 minute for particles of 0.06 mm or 60
microns in diameter and about 50 minutes for particles of 0.006
mm or 6 microns in diameter. A grain-size distribution curve
cannot be run in a simple test tube, but a rough idea of sizes
can be obtained by noting times as the water clears. Similarly
a coarse dirty soil may be recognized because the water is still
dirty a minute or so after shaking.)

6. Determination of the strength when dried, obtained by
drying a specimen in the sun or on a stove or radiator and test-
‘ing when dry by pressing or breaking with the fingers.

These tests should be supplemented in the field by other ob-
servations which give information of value. The relative density
of a sample from a preliminary boring is usually changed from
that in the natural state, but in the field it often is possible to
observe the natural-state condition. If the samples are from
test pits, information regarding their relative density can be
obtained from inspection of the walls of the pit, stratification
can be observed if it exists, and the extent and variation of the
various strata can be studied.

Soil types and their identifications by the above tests are
discussed in Section 4-4.

PROBLEMS

1. In a specific gravity test performed at a temperature of 30°C the weight
of the pycnometer bottle filled with soil and water is 673.62 grams; at the
same temperature the weight of the bottle filled with pure water is 630.80
grams; the weight of the dried soil is 66.14 grams. Determine the specific
gravity. )

2. A certain soil has a specific gravity of 2.67. A 1000-cc container is
. Just filled with this soil in its loosest possible state, and later the container
is filled at the densest state obtainable, the weights of soils for the two
samples being 947 and 1302 grams, respectively. The soil in nature is known
to have a void ratio of 0.61. Determine the limiting void ratios and the
relative density of the soil in natural state.
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3. In the Casagrande liquid limit device, specimens of a certain sample
of clay at water contents of 46.6, 50.2, 52.0, and 54.2 per cent require 74,
39, 21, and 13 blows, respectively, to close the standard groove. Data from
three plastic limit determinations give water contents of 22.6, 22.9, and 228
per cent. Determine the liquid limit, the plastic limit, and the plasticity
index of this clay.

4. Screen analysis: A typical concrete sand; weight of total sample 420.0
grams.

Screen number 8 14 28 35 48 100 200 Pan
Diameter, mm 2.362 1.168 0.589 0.417 0.295 0.147 0.074 ...
Weight retained, grams 76.2 84.3 99.1 58.6 42.7 414 11.0 4.4

Plot results on semi-logarithmic paper.

5. State the three main reasons why Stokes’s Law does not apply rigor-
ously in the hydrometer test and explain what is done t6 minimize or care
for the effects of these factors.

6. A liter suspension containing 49 grams of soil with a specific gravity
of 2.72 is prepared for a hydrometer test. It may be assumed that the tem-
perature of the test and the temperature of calibration of the hydrometer
are both 4°C. What should be the hydrometer reading if the hydrometer
could be immersed and read at the instant sedimentation begins?

7. Combined mechanical analysis: Sample from a Vermont rolled-fill
dam ; specific gravity 2.70.

Sereen Analysis Hydrometer Analysis
Sample weight 159.6 grams Sample with no sizes removed, dry weight 99.1 grams
Hydrometer Hydrometer
reading reading
Screen Diameter, :Vt - Te- Time, Time,
ained, . .
No. mm grams min min
In sus- In In sus- In
pension water pension water
10 1.651 9.3 4 24.0 48 3.1
20 0.833 11.9 14 20.6 90 2.2 —0.4
35 0.417 18.0 T 17.1 180 1.5
65 0.208 20.7 21 13.3 —0.4 332 0.9 —0.4
150 0.104 25.6 5 9.3 1332 0.4 —0.5
200 0.074 10.3 10 6.7
Pan | ..... 63.6 20 4.8

1 Hydrometer in suspension for first 2 minutes; in suspension only for readings thereafter.

Temperature of suspension, 21.7°C.

Volume of hydrometer bulb, 28.8 cc.

Temperature of hydrometer calibration, 20°C.

Hydrometer calibration: when R = 0, Z = 22.10 cm; When R = 30, Z = 9.40 cm.
Area of hydrometer jar, 28.8 sq cm.

Volume of suspension, 1000 cc.

Plot the grain-size distribution curve on four-cycle semi-logarithmic paper.



Chapter 4

CLASSIFICATIONS

4-1 General Discussion

A simple soil classification system, which uses easy methods
of identification and gives an approximate but fairly accurate
separation into soil groups or soil types, is a great convenience
in any routine type of soil engineering project. Preliminary soil
surveys for highways are examples of such a project. The clas-
sifications according to grain size and according to plastic char-
acteristics, for instance, are widely used.

There is, however, much difference of opinion among soil engi-
neers regarding the importance of classifications and the desir-
ability of a broad endorsement of their use. This matter is
largely one of point of view and depends principally on the use
to which the classifications are to be put. It has been said that
classifications of materials are inherently of such nature that
they can be neither correct nor incorrect; that they, like filing
systems, are but convenient schemes of grouping. It is inevi-
table that in any classification there will be borderline cases
which may fall into one of two or more groups. Also it is in-
evitable that, if a large number of soils are grouped by classes
according to one classification system, some of these soils will
group differently under another classification.

A demand for the development of a dependable classification
which will have wide applicability is frequently heard. This
demand sometimes even seems to imply that some day all that
will be needed for solving soil problems in engineering will be
the running of a certain small number of simple tests to deter-
mine a few soil constants; after this, when the classification
has been perfected, one will need but to look in a handbook
under the heading into which the soil falls and read whether or
not the soil will be satisfactory for whatever type of problem is
under study. Little knowledge of soil action is required to re-

47
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alize the inadequacy of such an idea. Even if it is assumed
that such action can be adequately represented by numerical
coefficients, the fact remains that a thorough definition of the
action of any soil requires a larger number of coefficients than
generally realized. A classification can be based on only a few
of these coefficients. Thus any classification is worthless, even
dangerous, unless the characteristics it is based on are the ones
which are important in the problem under consideration. Grain-
size classifications, for example, are very convenient, and they
may be used to much advantage if it is truly appreciated that
they reflect only sizes of grains, a soil characteristic which often
is important, may sometimes be the most important individual
characteristic, but seldom if ever is the only characteristic which -
has important effect on soil action in a given problem.

The understanding of soil action is the important issue. Clas-
sifications should be avoided in any instance where there is a
tendency to use them on an important investigation rather
than make adequate studies of the soil characteristics. In the
study of fundamentals of soil action, classifications are of minor
importance; thus they are briefly discussed herein.

4-2 Standardization of Laboratory Testing Procedures

The dangers inherent in the standardization of certain soil
tests are to a certain degree analogous to the dangers in the
blind use of classifications. For this reason, standardization
will be given brief mention at this point.

Many laboratories which carry out tests on a production basis
feel the need of standardized tests to give assurance that their
results are on the same basis as those of other laboratories with
which they have connections. This point of view must be recog-
nized, and standardization of tests is, to a limited degree, a
necessity. However, in all such standardizations, the inherent
dangers must be kept constantly in mind by every engineer who
makes use of the test results.

Some important soil properties, such as the shearing strength
of clays, are functions of a great many variables. Fundamental
laboratory research during recent years has greatly improved
our understanding of such soil characteristics, but in some re-
spects they still are only partly understood. Any standardiza-
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tion of a test is sure to involve attempts to keep the test as
simple as possible. Certain arbitrary testing conditions must
be used In place of adequate considerations of variables which
may have important effects on the soil property, and thus the
action in the simple test may be far from representative of the
behavior of the soil in nature. Thus, many leading soil engineers
oppose the standardization of certain tests, such as those for
shearing strength.

4-3 Types of Classifications Discussed in this Chapter

The types of classification discussed in this chapter are listed
below. The section in which each classification is described is
noted in parentheses.

Preliminary classification by soil types (4-4)
Geological classifications (4-5 and 4-6)
Classification by structure 4-7)
Atterberg limits (4-8)
Classification by grain-size distribution (4-9)

The Casagrande classification of airfield materials (4-10)

Approximate classification in the field or preliminary classi-
fication in the laboratory, on the basis of commonly recognized
soil types, is an important part of any preliminary investigation.
The simple field tests used for such a classification have been
given in Section 3-13. This type of classification is usually
called preliminary classification or field classification. Geo-
logical classifications by mineralogical content and origin are
of general interest only and are covered briefly herein. The
qualitative classification by types of structure in sedimentary
soils is of considerable value because of the concepts it gives
regarding the nature of the soil structure. The tests for the
Atterberg limits and the grain-size analysis have already been
given in Chapter 3. The Casagrande classification of airport
materials serves as an example of soil classification for a given
branch of soil engineering.

4-4 Preliminary Classification by Soil Types

An understanding of the fundamentals of soil mechanics and
soil behavior requires a familiarity with the common soil types.
It does not require a knowledge of locally used nomenclatures,
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however, and space limitation prevents a detailed enumeration
of such information here (for more extensive descriptions see
references 102 and 123). Some confusion has always existed
relative to classifications by soil types because of various usages
of terms and their meanings. However, the meanings given in
the following paragraphs are quite generally accepted in the
field of foundation engineering.

In the descriptions of basic soil types below, numbers in
parentheses refer to the numbers of the simple tests explained
in Section 3-13. Combinations or mixtures of these types are
common, and a mixture which is designated, for example, as
sandy clay, with the word clay last, refers to a mixture in which
the clay predominates.

Sand, gravel, and boulders are coarse-grained, cohesionless
soils. They are easily identified by test (1). Grain-size ranges
are used to distinguish between them, and between sands of
different fineness. The term boulder is sometimes limited to
sizes greater than 8 in., and gravel to the 14-in. to 8-in. sizes.
Sand sizes are most easily designated by sieve numbers; tests
requiring the use of sieves can hardly be called field tests but,
by running a few sieve tests in the laboratory, an engineer can
train himself to recognize by visual inspection the size corre-
sponding to any given sieve. The greater portion of a coarse
sand is retained on a 28-mesh sieve; the greater portion of a
medium sand passes a 28-mesh but is retained on a 65-mesh; a
fine sand is similarly limited by the 65- and 200-mesh sieves.
Sands are designated as compact or dense if a pick is required
for their removal; when loose they can be excavated merely
by shoveling.

Dirty sand refers to cohesionless sand containing some finer
material. It may be identified by shaking in a test tube (5),
or by the dust which comes from it if a small handful of the
dried material is tossed into the air.

Organic silts are silts which may be mainly inorganic but
contain certain amounts of fine, decomposed organic material or
organic colloids. The particle sizes are mainly in the range from
0.06 to 0.002 mm. They are highly compressible, relatively im-
pervious, somewhat plastic, and, largely because of the com-
pressibility, are very poor foundation materials. They may
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usually be identified by their color, which ranges from light
gray to dark gray or black, or by the odor resulting from de-
composition. When they are molded- by the fingers organic
silts have a soft feeling by which they may be distinguished from
inorganic silts.

Inorganic silt and rock flour contain only mineral grains and
are free of organic material. Inorganic silts are mostly coarser
than 0.002 mm. Rock flour is a similar material but differs in
that it may have a considerable percentage of sizes finer than
0.002 mm. These soils may contain bulky grains only, in which
case they are relatively imcompressible, or they may contain
appreciable amounts of flat or “platy” grains, in which case
they may be highly compressible. The more compressible soils
tend to have greater plasticity which aids in their recognition.
They have high pore-water mobility (4), a gritty feeling (3),
little cohesion when dried (6), and, when dried on the hands,
they dust off easily. Positive identification is provided by these
tests, yet these soils are misclassified more often than any
other soil, mainly because they look something like clay. Rock
flours not only look like clay in some instances but, on the basis
of the grain-size distribution only, they are actually classsified as
clay sizes. Such misclassifications may lead to bad construction
difficulties because of the quicksand or liquefaction condition *
and attending difficult construction conditions to which inorganic
silts are readily subject but which do not occur in clays.

Inorganic clay is the correct term for materials generally re-
ferred to simply as clay. Clays are composed principally of
flat particles finer than 0.002 mm or 2 microns. The colloidal
chemist usually quotes 1% micron as a rough upper limit of
colloidal sizes; thus many clays are largely of colloidal sizes.
Lean clay is the name given to silty clays or clayey silts; fine,
colloidal clays of very high plasticity are called fat clays. The
degree of cohesion and plasticity and the degree by which the
test results differ from those on inorganic silts indicate how
fat the clay is. Clays may be identified by the following simple
tests: Over a large water content range, clay can be rolled into
threads which have noticeable tensile strength. In the wet state

* See Section 7-5 for description and further explanation.
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it sticks to the hands, fat clays having a distinctly soapy feel-
ing (3). In the dry state it does not brush from the hands
easily. The cohesion in the dried state (6) is appreciable in
lean clays and pronounced in fat clays. Dried specimens of fat
clays can be broken but not crushed or pulverized by hand;
when partially dried the material is plastic but very hard to
remove from the hands.

Clays are called hard or stiff when they cannot be molded
with the fingers and cannot be excavated without the use of a
pick; such clays have been compressed to a low water content
and are good foundation materials. Clays are called soft when
they are easily molded by the fingers and when they can be
excavated with a spade; such clays are relatively compressible,
have relatively low shearing strength, and cannot withstand
large loads.

Varved clays consist of alternate thin layers of silt and fat
clay of glacial origin. The light-colored silty varves are de-
posited during the high water or flood periods of spring and
summer, and the darker colored clay varves during the low
water or quiet winter periods. Varved clays possess the undesir-
able qualities of both silt and soft clay. Varved deposits with
alternating layers of fine- and coarse-grained silt and even fine-
and coarse-grained sand are also found, but the general charac-
ter of such deposits, as a foundation material, does not differ
much from uniform deposits of silt or sand.

Peat is partially carbonized vegetable matter which has low
shearing strength, is often permeable, is always extremely com-
pressible, and is the poorest foundation material imaginable.
It is easily recognized by its dark color, its fibrous nature, and
its odor of decay.

Hardpan is a term often used to describe any hard cemented
layer which does not soften when wet. The term is sometimes
used also as a name for boulder clay or glacial till, which is a
very tightly packed deposit of glacial origin ranging from boul-
ders to rock flour.

Loess is a fine-grained, air-borne deposit characterized by a
very uniform grain size, a high void ratio, and a slight cementa-
tion, which enables it to stand in nearly vertical cuts. In a true
loess the cementation is destroyed when the soil is partially or
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fully saturated, but modified forms of loess exist which retain
some cohesion even when submerged.

Shale 1s a material in the state of transition from clay to slate.
Shale itself is sometimes considered a rock but, when it is ex-
posed to the air or has a chance to take on water, it may rapidly

decompose.

Topsoil is a name given to weathered surface materials which
are capable of supporting plant life.

Fill is a term that applies to all man-made deposits ranging
from sand and gravel fills or rock piles to dumps. Fills may
contain every imaginable material.

A few of the more common local names for soil types follow.}

Bentonite. An ultra-fine-grained, fat clay formed by the de-
composition of volcanic lava; it exhibits the properties of clay to
an extreme degree. :

Gumbo, adobe. Fat clays containing a little sand; peculiar to
certain sections of the country.

Kaolin, China clay. A very pure white clay used in the ceramie
industry. '

Marl. A crumbly deposit, chiefly clay with sand, containing
calcium carbonate and, usually, organic matter.

Caliche. A conglomerate of clay, sand, and gravel cemented
by calcium carbonate deposited from groundwater.

4-5 Classification by Mineralogical Composition

The general engineering point of view is that it is often inter-
esting to know the mineralogical composition of a soil although
the composition is of primary interest only as it affects the physi-
cal properties. ‘

The geologist has a keen interest in the minerals occurring in
the rocks he studies, since the structure of the rock depends in
large degree on the minerals present. Moreover, the mineralogi-
cal content affects to an important degree the properties of soils
resulting from the breaking down of rock. For this reason a
knowledge of geology is helpful in soil mechanics work, although
the study of minerals is not considered to be directly within the
scope of fundamental soil mechanics. The reader should consult

Tt These local names are given by Rutledge in reference 123.
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textbooks on principles of geology if a more detailed treatment of
classifications by mineralogical composition is desired.

Certain properties of minerals, such as solubility,\hardness,
and resistance to wear and to crushing, are important. Also im-
portant is the base exchange i capacity of clay minerals. The
mineralogical content often determines the shapes of the indi-
vidual soil particles. Grains of some minerals such as quartz
and feldspar are bulky, whereas those of other materials such as
mica and alumina are flat in shape. The presence of only a few
flat grains greatly affects the porosity of a soil. Flat grains also
have an important effect on the plastic properties, which are dis-
cussed in Section 4-8. ‘

The effect of flat grains on the porosity may be illustrated by
a relatively simple experiment. For clean dry sands with bulky
grains the maximum values of void ratio that can be obtained
are about unity. If a small amount of mica is added to such a
soil, much larger void ratios may be obtained and void ratios
as high as 10 are possible. As a result of these high void ratios,
the soil shows a much higher compressibility when subjected to
load. In a similar way, plastic clays have flat grains and high
compressibility.

The influence of grain shape has been given too little considera-
tion in analyses of soils; it should be given as much thought as
grain size in studies of soil behavior.

4-6 Classification by Origin
The origin of a soil may refer either to its constituents or to the

agencies responsible for 1ts present status.
By constituents, soils may be classified as:

I. Inorganic soils

II. Organic soils
1. Plant life
2. Animal life

By agencies responsible for their present state, soils may be
classified as:

t For a discussion of exchangeable bases see reference 67 or reference 173
or textbooks on chemistry.
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I. Residual soils

II. Transported soils
1. Glacial
2. Aeolian
3. Sedimentary

Most of the above-mentioned types will be discussed below,
some in brief form and others in more or less detail. For more

By disintegration
and weathering

\Residual soils
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rocks Gravel
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Fic. 4-1 The geological cycle.

complete treatment of many of the points discussed, the student
1s again referred to textbooks of geology. Many of the items are
shown in Fig. 4-1, which presents the geological cycle and shows
the parts played by origins and agencies.

Organic soils, which appear in the lower right-hand corner of
Fig. 4-1, have been described in Section 4-4. They are such
poor soils for foundation purposes that their properties are the
subject of much less study than those of more satisfactory soils.

Residual soils are the disintegrated materials above the rock
crust, in various stages of cementation, which have not been
subjected to the transporting and sorting process of agencies such
as water and wind. Such soils are common in many parts of this
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country but are little known in the glaciated northeastern sec-
tions. Their characteristics differ so greatly from those of trans-
ported soils that an engineer familiar only with glaciated regions
should use great caution in attempting to predict their action.
The degree of cementation may vary greatly throughout a re-
sidual soil mass, and a gradual transition into rock rather than
a definite line of demarcation between soil and rock is to be ex-
pected. Classifications by grain sizes (see Section 4-9) may be
applied to these soils as well as to sedimentary soils; this fact
alone proves that such classifications are not sufficient to define
the soil action. An outstanding characteristic of residual soil is
that the sizes of grains are indefinite. For example, when a re-
sidual soil sample is sieved, the amount passing any given sieve
size depends greatly on the time and energy expended in shaking,
because of the partially disintegrated condition.

Transported soils are soils which have been carried to their
present location by some transporting agent. Study of the trans-
porting action of glaciers, wind, and water on the surface ma-
terials of the earth constitutes an important and interesting phase
of geology. The geologist emphasizes the constantly changing
condition of the earth, but his changing condition is a relatively
constant condition from the engineer’s viewpoint, because a period
of time which a geologist calls very short exceeds by many times
the life of any man or any structure he builds.

Thus the history of many important characteristics of soil—
such as the smoothness of individual particles, the range of grain
sizes, the stratification in a given deposit, and the profiles built
up by the placing of various strata on top of each other—can be
explained in detail and, although a knowledge of these factors is
desirable to the soils engineer, its presentation is not within the
scope of this treatise. One phenomenon which the geologist em-
phasizes and which may well be mentioned here is the remark-
_able efficiency with which wind and water carry out the sorting
process. Scattered all the way from the head waters to the
mouth of a river are the particles which once, geologically a long
while ago, made up the ledge of the region; in their present state
they are sorted to an exceptional degree, and in some cases every
particle is worn to a remarkable smoothness. Yet, in spite of
this sorting, the variations throughout typical soil deposits are
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so large that foundation engineers are continuously emphasizing
the variable nature of soils.

Glacial deposits occur over large areas of this country Wind
deposits, or aeolian soils, are widespread; the great loess deposits
in the midwest portion of this country are an example. However,
the commonest types of soil in engineering problems are the
water-deposited or sedimentary soils, for which a classification
by fundamental types of structure will be given in detail.

4-7 Sedimentary Soil Classification by Structure

- The three fundamental types of structure, on the basis of the
types of forces in action during the sedimentation process, are

1. Single-grained structure.
2. Honeycomb structure.
3. Flocculent structure.

Combinations of these types are also possible. Features of each
type will first be outlined. Combined structure will then be dis-
cussed, and a hypothetical explanation of important and well-
known characteristics of marine clays will be presented.

Single-grained structure is the simplest type. An accumula-
tion of equal spheres, such as a box full of billiard balls, is the
ideal prototype of single-grained structure. This type of struc-
ture is observed in materials in which there is little or no tend-
ency for the grains to adhere to one another. Such materials are
termed cohesionless, and are represented in soils by sands and
gravels. This lack of adherence means that in the sedimentation
process the only forces which come into play are the weights of
the individual particles.

The porosity of a granular mass may vary within rather wide
limits according to the manner in which the grains are grouped
together. As an illustration, circular disks arranged as in Fig.
4-2 (a) occupy a smaller proportion of the bounding area than
when arranged as in (b). Theoretical solution of the analogous
problem in three dimensions leads to the result that the porosity
of an accumulation of equal spheres ranges from 48 to 26 per
cent, or the void ratio ranges from 0.91 to 0.35 (page 11 of refer-
ence 104). Granular soils, such as sands, are not accumulations
of equal spheres. Nevertheless, the limiting values of porosity
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are remarkably close to those found for the ideal case. Such
soils seldom have porosities above 50 or below 23 per cent, corre-
sponding to void ratios of 1 and 0.3, respectively. The void ratio
is commonly used to express the density, but often it is advan-
tageous to use the relative density, as explained in Section 3-5.

Honeycomb structure occurs in soils fine enough to have co-
hesion. A solid body may be considered a network of molecules
held in definite positions by mutual attraction. When two bodies
come into contact with each other, the molecules of one body at
the point of contact exert an attraction upon those of the other

(a) (b)
Fic. 4-2 Loose and dense packing.

body. The forces involved are very small, and their effects are
negligible when the bodies themselves are of a higher order of
size than the molecules. Sand grains, for instance, are so large
that the effect of intermolecular attraction at points of contact
is quite negligible, and they behave as though there were no force
binding them together; hence the term cohesionless.

The finer the grains, however, the more noticeable becomes the
effect of intermolecular attraction. Consider a sediment being
formed at the bottom of a lake. Let Fig. 4-3 (a) represent a
portion of the top surface of the sediment. Grain A has fallen
through the water and has just come into contact with another
grain B previously deposited. At the instant of contact, inter-
molecular attraction is set up at the point of contact between A
and B. If the grains are relatively large, as in single-grained
structure, this attraction is insignificant, and grain A rolls into
the position shown in (b). Another sediment, shown in Fig.
4-3 (¢), is composed of grains so small that intermolecular at-
traction is appreciable in proportion to the weight of a grain.
Grain A has settled through the water and has just come into
contact with grain B. The tendency to overturn exists, but is
restrained by intermolecular attraction, acting like a patch of
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glue at the point of contact. Grain A therefore remains in posi-
tion. In this manner a porous structure, containing large voids,
is built up as indicated in (d). Actually the structure is, of
course, a three-dimensional framework which cannot be truly
shown in a two-dimensional sketeh; thus Fig. 4-3 must be recog-
nized as merely a diagrammatic representation.

(c)
Honeycomb structure

Fic. 4-3 Comparison of formation processes of single-grained and
honeycomb structures.

The structure shown in Fig. 4-3 (d), is .a honeycomb structure
found in fine silts and clays. The intermolecular attraction be-
tween grains at the point of contact is known as true cohesional
attraction, and the resistance to shear resulting from the attrac-
tion is known as true cohesion.

Flocculent structure can occur only in very fine-grained soils.
Solid particles suspended in a liquid settle at a speed which, as
explained in Section 3-8, is proportional to the square of the
particle diameter. Thus for fine particles the velocity of settle-
ment is very slow. For particles of colloidal size, this is, smaller
than about 0.5 X 10—* ¢m in diameter, the velocity of settlement
under normal gravity is for all practical purposes inappreciable.
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A suspension of such small particles is called a colloidal suspen-
sion, the liquid being termed the continuous phase and the par-
ticles the disperse phase.

In addition to the force of gravity, however, the molecular
impact forces must be given consideration in the study of the
action of these small particles. The molecules of a liquid, being
In constant vibration, strike against the particles of the disperse
phase. If the particle sizes are large in proportion to the size of a
molecule, the impacts on any particle will, by the law of prob-
ability, be balanced. If, however, the particles are small, ap-
proaching the size of a molecule, impacts will not be balanced,
and the vibrating molecules will strike with sufficient force to
produce motion of the particle. The motion is an irregular dart-
ing back and forth, which can be observed under the microscope.
It is known as Brownian movement, from the name of the scien-
tist who first noted its existence.

In a colloidal suspension the particles subject to Brownian
movement do not collide because they all carry small but definite
electric charges of the same sign, the liquid being charged with
electricity of opposite sign. A discussion of this charge is beyond
the scope of this work, and it is sufficient to know that it exists
and serves, by causing mutual repulsion, to keep the individual
particles from colliding. The nature of the electric charge can be
determined by immersion of an anode and a cathode in the sus-
pension. The particles will move toward the pole of opposite
sign.

If the mutual repulsion of the particles were removed in some
way the small colloidal particles would collide, true cohesional
attraction would have a chance to act, and particles would ad-
here, others inevitably joining and forming, ultimately, an aggre-
gate so large that molecular impacts would balance and Brown-
ian movement would cease. The dimension of the aggregate
group of particles would at the same time become so large in
comparison to the size of individual particles that settlement
would take place.

Aggregate groups of this type are called flocs, and each floc
has a honeycomb structure made up of small soil particles. -Floc-
culation occurs when particles adhere, whereas a colloidal sus-
pension is obtained when particles repel and thus remain sepa-
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rated from each other. Flocculation may be caused in a colloidal
suspension by the addition of a small quantity of electrolyte.
The molecules of the electrolyte ionize and, for example, if the
disperse phase is charged negatively, the positive ions are at-
tracted to the negatively charged particles; the charge is thus
neutralized.

If a clay in suspension tends to flocculate and prevention of
flocculation is desired, some type of deflocculating agent must be
added. The main use of deflocculating agents in soil testing has
already been explained in Section 3-12.

Flocs are small enough so that when they settle to form a sedi-
ment they will be arranged in honeycomb structure. Thus the
sediment will have a honeycomb
structure of second order, formed
by flocs grouped around wvoids
larger than the flocs themselves,
each floc being formed by grains
grouped around voids larger
than the grains themselves. This
is called flocculent structure,
and it is illustrated diagrammatically in Fig. 4-4.

Maxed structure occurs in many marine clays that are very
firm and stiff in the undisturbed state, but when worked or re-
molded by the fingers become very soft. An appreciation of this
pronounced change in structure and in strength, which occurs in
many soils, is one of the most important concepts of soil action.
A hypothesis which offers a possible explanation of this important
characteristic in a mixed structure has been advanced by A. Casa-
grande (29).

When a river flows into a bay of the ocean, there is a decrease
in the velocity of flow that causes deposition of the silt particles,
the coarsest of the transported soil grains. Simultaneously the
salt water, acting as an electrolyte, may cause flocculation and
deposition of colloidal matter carried by the stream. Thus, the
sedimentary deposit formed consists of a mixture of individual
silt particles and flocs. A similar combination may occur in
fresh water if the electrolytic conditions are favorable.

As the depth of the deposit increases, material near the bot-
tom is compressed by the weight above. However, the amount

" Fie. 4-4 TFlocculent structure.
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of compression is not the same at all points within the mass. The
variations that exist in the amounts of compression taking place
are shown in Fig. 4-5. Where large spaces exist between silt
particles the flocs undergo relatively little compression, whereas
flocs located in the smallest gaps between adjacent silt particles
are highly compressed. These local highly compressed spots be-
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Fic. 45 Structure of undisturbed marine clay.
A. Casagrande.)

come what is called bond clay, and they may develop strength
enough to make the material as a whole very stiff. It is easily
seen that a thorough mixing of the clay destroys the localized
strength contributed by the bond clay.

" The rigidity imparted by the bond clay is strikingly demon-
strated by the difference between the results on undisturbed and
remolded marine clay samples when tested for compressibility
or for shearing strength. A given load increment may compress
a remolded sample of typical Boston blue clay two or three times
as much as it would the same clay at the same void ratio in un-
disturbed state, and for some clays the compression in remolded
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state is of the order of ten times as much as that in undisturbed
state. Similarly the shearing strength of specimens at a given
water content may be many times greater in natural state than
in disturbed state.

Another explanation of the phenomenon of loss of strength by
remolding has been given by Terzaghi (page 12 of reference 152).
Each particle may be visualized as coated with a film of water
in solid state as shown in Fig. 4-6. If preferred, the concept of
a layer of adsorbed water molecules may be substituted for the

Particle

Particle
(c) ~ (%) (c)

Fig. 4-6 Water film explanation of structural bond. (According to
K. Terzaghi.)

concept of the water film. The state of this water is such that
its viscosity is exceedingly high. If a soil sample is subjected
to direct pressure over a period of centuries, this water with high
viscosity is slowly squeezed from between points of nearest con-
tact of adjacent particles, giving the condition shown in (b).
The closer contact which results between particles leads to a
higher degree of true cohesional attraction. If the direct pres-
sure is removed, the highly viscous water will flow back, but so
slowly in some soils that years may elapse before the loss of
strength is appreciable. However, remolding moves the particles
as shown in (c), and as a result the particles are more widely
separated and the strength is lost.

Still another explanation is that over a long period of time,
under load, some kind of preferred orientation of molecules is
attained in the vicinity of particle-to-particle contacts, giving the
strength that is characteristic of the undisturbed state; remolding
may be pictured as in some way destroying the preferred orienta-
tion. Possibly this explanation is essentially the same as at-
tributing the strength in undisturbed state to some type of ce-
mentation.
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Whether the bond clay hypothesis or some other explanation
is more nearly true is not of great practical importance. The
important point is that there is some kind of bond or localized
strength at critical points within the sample which is lost by re-
molding.

4-8 The Atterberg Limits

The physical properties of clays differ greatly at different water
contents. A given clay may act almost like a liquid, it may show
plastic behavior, or it may be very stiff, depending only on how
much water it contains. Plasticity, which is a property of out-
standing importance in fine-grained soils, may be defined as the
ability to undergo changes of shape without rupture.

In 1911 Atterberg (10) proposed a series of tests for determin-
ing properties which are now known as the Atterberg limits and
indices. These properties define the water content ranges of the
plastic state and other states. They are of somewhat empirical
nature but are valuable in the investigations of plastic character-
istics of any given clay and also in comparisons of clays. In
1932 A. Casagrande (25) presented a digest of Atterberg’s work
and a thorough account of improved testing procedures. In a
more recent paper (23), Casagrande has discussed in considerable
detail the relationship between various soil types and their plas-
ticity characteristics. The testing methods for obtaining these
properties were described in Section 3-6; the description of the
various states and properties follows.

If a sample of a typical marine clay is mixed thoroughly with
a sufficiently large amount of water it is in a liquid state. In this
condition it flows freely and shows practically no static resistance
to distortion; that is, it has no shearing resistance. If the water
content is slowly decreased by evaporation, the sample meanwhile
being mixed continuously to maintain a uniform condition, it will
begin to show a small shearing strength when the water content
has decreased sufficiently. The water content at which shearing
strength is first noticeable is not a definite value. Therefore, the
limit of the liquid state is arbitrarily taken at the water content
where the shearing strength has a certain measurable, but small,
shearing strength; it is called the liquid lvmit and is designated
by w;.
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If the sample is subjected to further decrease in water content
it will eventually reach a point at which, when rolled into a
thread, it will start to crumble rather than to distort plastically.
This water content is called the plastic lvmit and is designated
by wp.

Still further decrease in the water content of the sample will
lead finally to the point where the sample can decrease in volume
no further. At this point the sample begins to dry at the surface,

Liquid state — {

Plastic state —

Liquid limit, w, K
{ — Plasticity index, I, = w, - w,

Plastic limit, wp B

Semi-solid state — { " |—Shrinkage index, w, = w;

Shrinkage limit, w; —
Solid state — {

Flow index, I; Slope of flow curve (Fig. 3-2)
Toughness index, I, = I,/ I,

Fic. 4-7 Atterberg limits and indices.

the saturation is no longer complete, and further decrease in
water in the voids occurs without change in the void volume.
Moreover, the color of the sample begins to change at this point,
since the observer inspecting the sample is no longer looking
through a water film. This water content is called the shrinkage
limat and is designated by w;.

The limits deseribed above are all expressed by their percentage
water contents. The range of water content between the liquid
and plastic limits, which is an important measure of plastic be-
havior, is called the plasticity index and is designated by I,. The
range of water content between the plastic and shrinkage limits
is called the shrinkage indez.

A summary of states, limits, and indices, the most important
of which have been described, together with the notations used
for these properties, is shown diagrammatically in Fig. 4-7.

The flow index I; expresses the relationship between the change
in water content and the corresponding change in the shearing
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strength; more specifically it is the slope of the flow curve illus-
trated by Fig. 3-2.

There i1s a wide variation in the shearing strengths of different
clays at their plastic limits; handling shows that some clays
have much greater toughness than others. To express this char-
acteristic the toughness index I, is used and is defined as the ratio
between the plasticity index and the flow index.

When the shrinkage limit is determined on an undisturbed clay
sample it is called the undisturbed shrinkage limit as distin-
guished from the disturbed shrinkage limit. The other limits can
be obtained only for the remolded state; it must be emphasized
that this limitation leads to the outstanding disadvantage of the
Atterberg properties. The great variations in the action of soil
in the undisturbed and remolded conditions have already been
mentioned and must continuously be emphasized as one of the
most important concepts in clay behavior.

It has already been stated that the Atterberg properties are
of a somewhat empirical nature. It is not easy to explain their
meaning and their value. Many soil engineers ignore these
properties, and others determine their values on all clays which
they encounter on important projects. Those who determine
them regularly are agreed that they are valuable in giving a feel
for the character of soils. The plasticity index is a good measure
of the degree of plasticity of the soil, and a number of state
highway departments have regulations relative to the maximum
plasticity index that is to be permitted in certain types of high-
way fills. A. Casagrande uses the Atterberg limits as an aid in
the identification of soils in the airfield soil classification dis-
cussed in Section 4-10. In comparing fine rock flours and clays
1t is found that grain-size distributions are very misleading but
that Atterberg properties show up the inherent differences mark-
edly. ‘

Definite applications of Atterberg limits have developed slowly
but it is probable that in time these limits will be more widely
used and will have many practical applications (for an example
of the use of Atterberg limits see the closure discussion in refer-
ence 32). Atterberg limit data that are valuable in the identifi-
cation of soils have been presented by A.. Casagrande (23) as
given in Fig. 4-8.
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Fic. 4-8 Relation between liquid limit and plasticity index for typical
soils. (A. Casagrande.)

4-9 QGrain-Size Classifications

One factor upon which soil behavior always depends to some
degree is the sizes of the individual grains. The importance of
the grain size in this respect is indicated by the classification
according to structure (Section 4:7). The most obvious type of
soil analysis and the commonest of all soil tests is the grain-size
distribution analysis or mechanical analysis, tests for which have
already been described in Chapter 3.

In large soil laboratories that make extensive soil investiga-
tions and test many soils, large numbers of mechanical analyses
are run and, since the complete presentation of the result of each
analysis requires an individual curve, the time required for pre-
paring curve sheets sometimes becomes excessive and the data
for an entire project become too bulky. Since a high degree of
accuracy is not essential in such results, a more condensed form
of presentation is often considered desirable. To meet this need,
a number of grain-size classifications have been proposed In
Fig. 4-9 two of the classifications that are now in common use
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in this countiy are shown. The first system shown in this figure
was developed by the U. S. Bureau of Soils. The other scale was
suggested by G. Gilboy in 1930 as the simplest, the most logical,
and the easlest, to remember of all such classifications, and it has
come to be known as the M.L.T. Classification. Many other
classifications have been proposed and new ones still appear
occasionally.

20 10 05 0.25 01 0.05 0.005
v Very
Fine | Coarse Fine .
gravel| sand Sand sand sf:::; Silt Clay

U. S. Bureau of Soils Classification

20 0.6 0.2 0.06 0.02 0.006 0.002 0.0006 0.0002
Coarse Medium Fine Coarse Medium Fine Coarse Medium Fm‘e
(colloidal)
Sand Silt Clay

M. L. T. Classification
Fic. 4-9 Classifications based on grain size.

The various subdivisions or fractions chosen for the classifica-
tions of Fig. 4-9 are purely arbitrary. They could be designated
by the numerical values of their limiting diameters; it would in
many respects be advantageous to use this system rather than
names, which has become the more common practice.

Unfortunately the names which have been given to the various
fractions constitute a second meaning of the terms used. In the
preceding pages, clay has been defined as a soil in which plasticity
1s a predominant property. In these classifications, clay sizes are
described as soil particles which come between certain arbitrary,
limiting grain sizes. A fine rock flour, with a large percentage of
bulky grains ranging in diameter from 0.001 to 0.002 mm, would
fall according to size into the class of clays; yet it might not
possess any of the characteristic properties of plastic clay, inas-
much as these properties seem to be due in a large degree to the
presence of flat grains. Many engineers prefer to avoid the use
of the term clay for indicating grain sizes and to depend on dia-
grams or numerical values of diameters instead. It is suggested
that the term clay stzes avoids most of the possible confusion.
Attempts have been made to introduce other systems of names
for the fractions but they never have come into popular use.
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There undoubtedly would be some advantages in the establish-
ment of a single standard classification. The advantages, how-
ever, are not so great as they have often been claimed to be, and
the numerous attempts to establish a standard have met with
little success. F. B. Campbell (21) has discussed this subject.
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Fic. 4-10 TU. S. Bureau of Soils triangular classification chart.

Another type of classification that is based on the grain-size
distribution is illustrated in Fig. 4-10. This chart represents the
U. S. Bureau of Soils Textural Classification (page 36 of refer-
ence 72), which has been rather widely used. The size ranges
used for this classification are those of the upper scale of Fig. 4-9,
but with sand sizes considered to extend up to 2 mm and with all
coarser sizes eliminated. A given soil with given percentages
of sand, silt, and clay sizes, respectively, is represented by a
given point on a triangular chart of this type. The terminologies
and the boundaries of the areas representing the wvarious soil
designations on such a chart are arbitrarily chosen; a number of
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charts of this type have been proposed. A disadvantage of the
classification given in Fig. 4-10 is that loam is principally an
agricultural term.

A smooth mechanical analysis curve such as curve I of Fig.
4-11 is obtained when there is a normal distribution of grain size
throughout the entire range of diameters represented. In a curve
with waves, certain portions of the curve must have slopes which
are relatively flat and whose distribution is not normal, there
being a deficiency of particle sizes at regions where the curve
flattens. Curve II of Fig. 4-11 shows practically no particles
between diameters of 0.006 and 0.01 mm. Thus the sample repre-
sented by curve II probably is either a mixture of two soils of
approximately normal distribution, one fine and one coarse, or it
has in some way had all grains of intermediate sizes removed.
Detailed studies of the shapes of mechanical analysis curves have -
been made by D. M. Burmister (19). |

Where the distribution is not normal, the one satisfactory way
of expressing the grain-size analysis is to plot a curve such as
curve II. However, a curve of normal distribution may be de-
fined with fair accuracy by two well-chosen points. Several
schemes of presenting the grain-size distribution by the use of two
characteristics have been proposed. Fitting of mechanical analy-
sis curves to curves with known equations, such as the probability
integral curve or half of the probability curve, is one possible
approach. Such a fitting method allows the expression of the
grain-size distribution by two parameters but, although this pro-
cedure is interesting, it has little practical value. Simpler meth-
ods based on the same principle merely describe two points on the
curve, and several choices have been proposed.

The best known of these methods is that used by Allen Hazen.
In his method, the diameter, such that the aggregate weight of
all smaller grains is 10 per cent of the total weight of the sample,
is called the effective size. This diameter is designated by Do,
and in curve I of Fig. 4-11 its value 1s 0.0056 mm. Diameter
D1 is also known as the 10 per cent size, and it is fairly common
practice to designate other percentage sizes by similar notation;
for example, for the 60 per cent size, designated by Dygo, the diam-
eter is such that the aggregate weight of all smaller grains is 60
per cent of the total weight. The ratio of Dgo to D;o is Hazen’s
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uniformity coefficient, C,. In curve I the value of C, is 0.030
divided by 0.0056, or 5.3. A uniformity coefficient of unity
usually means a soil in which the grains are all of practically the
same size. A large coefficient corresponds to a large range in
sizes. Thus the uniformity coefficient is large when the degree
of uniformity is low. Hazen’s values have found much wider use
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Grain diameter in millimeters
Fra. 4-11 Normal and irregular grain-size curves.

in sanitary engineering than in soil mechanics. However, the
term uniform is widely used in soil mechanics to express size
uniformity.

The reason for the use of the logarithmic grain-size scale be-
comes apparent upon consideration of the uniformity. If two
samples have the same uniformity but differ in coarseness, the
two curves have the same shape on the logarithmic plot, with
the curve representing the finer material lying to the right of the
other. On a natural scale of grain size, the two curves have
little resemblance.

Although grain-size distribution is an important factor, it
should be held in mind that the size of grains is but one of the
factors on which soil action depends. Important characteristics
such as grain shape, mineralogical composition, structure, and
relative density cannot be represented by a grain-size analysis.
Moreover, certain clay minerals when placed in suspension sub-
divide into particles that are much smaller than the unit which,
in the undisturbed state, would be considered the individual grain.
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Misleading conclusions can be obtained when grain-size diagrams
alone are studied. However, an experienced soil engineer may
obtain valuable indications of the properties of a soil from study
of its grain-size distribution in conjunection with other data that
often are available, such as Atterberg limits and geological origin.

In general, grain-size distributions should be looked upon as
rough guides to further investigation, valuable for that purpose,
but not to be relied upon as ultimate criteria. .

4-10 The Casagrande Soil Classification for Airport Projects

A classification which allows an approximate rating of soils for
use as alrport subgrade materials has been developed by A. Casa-
grande (23) (for design methods for flexible pavements see refer-
ence 131, 156, or 164). By means of visual inspection, grain-size
analyses, and Atterberg tests the identification of the various
types of soils in this classification is rapid and easy and reason-
ably dependable.

Casagrande’s classification is shown in Fig. 4-12. This figure
is worthy of careful study and it shows a number of items which
will not be discussed in detail. The relationships of the Atter-
berg tests to the various soils of this classification are shown at
the lower left. Correlation of this classification with the Cali-
fornia bearing ratio (114 or 164) is shown in the lower right
chart. Correlation with the Public Roads classification (page
236 of reference 72) is shown in the final column of the table. '

PROBLEMS

1. Prepare an outline covering preliminary classification by soil types.
This outline should be as condensed as possible but it should include all
important items and identification tests.

2. A sample of soil is shaken up in a test tube and then allowed to stand.
As settlement progresses a very clear line of demarcation between suspen-
sion and clear water travels from the top to the bottom of the tube in 28
minutes. It is noted that no flocculation occurs. The height of the tube
is 15 em. How should the soil be described from these data?

3. A certain soil has 98 per cent by weight finer than 1 mm, 59 per cent
finer than 0.1 mm, 24 per cent finer than 0.01 mm, and 11 per cent finer
than 0001 mm. Sketch the size-distribution curve and determine the ap-
proximate percentage of the total weight in each of the various size ranges
according to the M.I.T. size classification. Determine also Hazen’s effec-
tive size and uniformity coefficient for this soil.
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Fic. 4-12 The Casagrande soil classification for airfield projects.




Chapter 5

SUBSURFACE INVESTIGATIONS

5-1 Introduction

The purpose of subsurface exploration is to determine the ex-
tent and the nature of the principal soil strata, to determine the
depth to groundwater, and to obtain samples of the various soils
for identification. In addition, samples are often wanted for
laboratory tests to determine the physical properties of the soils.
The thickness and horizontal extent of the various soils encoun-
tered, the location of ledge, and other such data are usually
‘shown on a profile of which Fig. 5-1 is an example. Such a
representation is sometimes called a stratigraphical profile, but
the designation soil profile is more commonly used.

Two classes of explorations which must be definitely distin-
guished are (a) reconnaissance or preliminary explorations and
(b) detailed explorations. In the majority of cases, explorations
are made by borings.

5-2 Preliminary Explorations

Preliminary explorations should be conducted at practlcally
every site which is considered for a structure of any importance;
cases in which the underground conditions are sufficiently well
known to make explorations unnecessary are few indeed. How-
ever, the authorization of the relatively small cost of an adequate
set of preliminary borings is sometimes given reluctantly. Some-
times borings are slighted because of the time they require.
There gre few more striking examples of false economy of money
and time, because borings when properly taken may pay for
themselves, many times over, by allowing a better design and
better planning of construction and by warning of difficult condi-
tions that may be encountered. Unless the underground condi-
tions are well known and are of favorable nature, preliminary

borings usually should be obtained even before the purchase of
73
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Preliminary Explorations 75

the site. They should be made by a reputable firm, and the
expense involved may be considered money well spent.

The soil profile which is furnished by a set of preliminary
borings is a crude one, and the information obtained relative to
the character of the soils encountered is rough. However, pre-
liminary borings give all the information needed for design pur-
poses in the majority of cases. The preliminary borings disclose
difficult foundation conditions if they exist at a given site and, if
the structure proposed for the site is an important one, more
detailed explorations, which use some more elaborate type of
sampling, are likely to be required. For the planning of the
detailed explorations, the results of the preliminary explorations
“are needed ; thus prelimin