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PRrREFACE TO THE THIRD EDITION

With the enthusiastic response to the Second Edition of “GEOTECHNICAL ENGINEERING”

from the academic community, the author has undertaken the task of preparing the Third
Edition.

The important features of this Edition are minor revision/additions in Chapters 7, 8, 10,
17 and 18 and change over of the Illustrative Examples and Practice Problems originally left in
the MKS units into the S.I. units so that the book is completely in the S.I. units. This is because
the so-called “Period of Transition” may be considered to have been over.

The topics invalving minor revision/addition in the respective chapters specifically are :
Chapter 7 : Estimation of the settlement due to secondary compression.

Chapter8 : Uses and applications of Skempton’s pore pressure parameters, and
“Stress-path” approach and its usefulness.

Chapter 10 : Uniform load on an annular area (Ring foundation).

Chapter 17 : Reinforced Earth and Geosynthetics, and their applications in
geotechnical practice,

Chapter 18 : The art of preparing a soil investigation report.
Only brief and elementary treatment of the above has been given.

Consequential changes at the appropriate places in the text, contents, answers to nu-
merical problems, section numbers, figure numbers, chapter-wise references, and the indices
have also been made.

A few printing errors noticed in the previous edition have been rectified. The reader is
requested to refer to the latest revised versions of the 1.S. Codes mentioned in the book.

In view of all these, it is hoped that the book would prove even more useful to the stu-
dents than the previous edition.

The author wishes to thank the geotechnical engineering fraternity for the excellent
support given to his book.

Finally, the author thanks the Publishers for bringing out this Edition in a relatively
short time, while improving the quality of production.

C. Venkatramaiah
Tirupati
India
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PRrREFACE TO THE FIrsT EDITION

The author does not intend to be apologetic for adding yet another book ta the existing list in
the field of Geotechnical Engineering. For one thing, the number of books available cannot be
considered too large, although certain excellent reference books by Stalwarts in the field are
available. For another, the number of books by Indian Authors is only a few. Specifically speak-
ing, the number of books in this field in the S.I. System of Units is small, and books from Indian
authors are virtually negligible, This fact, coupled with the author’s observation that not many
books are available designed specifically to meet the requirements of undergraduate curricu-
lum in Civil Engineering and Technology, has been the motivation to undertake this venture.

The special features of this book are as follows:

1. The S.I. System of Units is adopted along with the equivalents in the M.K.S. Units in
some instances. (A note on the S.I. Units commonly used in Geotechnical Engineer-
ing is included).

2. Reference is made to the relevant Indian Standards*, wherever applicable, and ex-
tracts from these are quoted for the benefit of the student as well as the practising
engineer,

3. Afew illustrative problems and problems for practice are given in the M.K.S. Units
to facilitate those who continue to use these Units during the transition period.

4. The number of illustrative problems is fairly large compared to that in other books.
This aspect would be helpful to the student to appreciate the various types of prob-
lems likely to be encountered.

5. The number of problems for practice at the end of each chapter is also fairly large.
The answers to the numerical problems are given at the end of the book.

6. The illustrative examples and problems are graded carefully with regard to the
toughness,

7. A few objective questions are also included at the end. This feature would be useful

to students even during their preparation for competitive and other examinations
such as GATE.

8. “Summary of Main Points”, given at the end of each Chapter, would be very helpful
to a student trying to brush up his preparation on the eve of the examination.

9. Chapter-wise references are given; this is considered a better way to encourage fur-
ther reading than a big Bibliography at the end.

*Note: References are invited to the latest editions of these specifications for further details. These
standards are available from Indian Standards Institution, New Delhi and its Regional Branch and In-
spection Offices at Ahmedabad, Bangalore, Bhopal, Bhubaneshwar, Bombay, Calcutta, Chandigarh,
Hyderabad, Jaipur, Kanpur, Madras, Patna, Pune and Trivandrum.
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10. The sequence of topics and subtopics is sought to be made as logical as possible.
Symbols and Nomenclature adopted are such that they are consistent (without sig-
nificant variation from Chapter to Chapter), while being in close agreement with the
internationally standardized ones. This would go a long way in minimising the possi-
ble confusion in the mind of the student.

11. The various theories, formulae, and schools of thought are given in the most logical

sequence, laying greater emphasis on those that are most commonly used, or are
more sound from a scientific point of view.

12. The author does not pretend to claim any originality for the material; however, he
does claim some degree of special effort in the style of presentation, in the degree of
lucidity sought to be imparted, and in his efforts to combine the good features of
previous books in the field. All sources are properly acknowledged.

The book has been designed as a Text-book to meet the needs of undergraduate curricula
of Indian Universities in the two conventional courses—“Soil Mechanics” and “Foundation Engi-
neering”. Since a text always includes a little more than what is required, a few topics marked
by asterisks may be omitted on first reading or by undergraduates depending on the needs of a
specific syllabus.

The author wishes to express his grateful thanks and acknowledgements to:

(i) The Indian Standards Institution, for according permission to include extracts from a
number of relevant Indian Standard Codes of Practice in the field of Geotechnical Engineering ;

(éi) The authors and publishers of various Technical papers and books, referred to in the
appropriate places; and,

(iii) The Sri Venkateswara University, for permission to include questions and problems
from their University Question Papers in the subject (some cases, in a modified system of Units).

The author specially acknowledges his colleague, Prof. K. Venkata Ramana, for critically
going through most of the Manuscript and offering valuable suggestions for improvement.

Efforts will be made to rectify errors, if any, pointed out by readers, to whom the author
would be grateful. Suggestions for improvement are also welcome.

The author thanks the publishers for bringing out the book nicely.

The author places on record the invaluable support and unstinted encouragement re-
ceived from his wife, Mrs. Lakshmi Suseela, and his daughters, Ms. Sarada and Ms. Usha
Padmini, during the period of preparation of the manuscript.

C.Venkatramaiah
Tirupati
India



PURPOSE AND ScoPE oF THE Book

‘GEOTECHNICAL ENGINEERING'

There are not many books which cover both soil mechanics and foundation engineering which a
student can use for his paper on Geotechnical Engineering. This paper is studied compulsorily
and available books, whatever few are there, have not been found satisfactory. Students are
compelled to refer to three or four books to meet their requirements. The author has been
prompted by the lack of a good comprehensive textbook to write this present work, He has
made a sincere effort to sum up his experience of thirty three years of teaching in the present
book. The notable features of the book are as follows:

1.

Bl o

®

The S.I. (Standard International) System of Units, which is a modification of the
Metric System of units, is adopted. A note on the S.I. Units is included by way of
elucidation.

The reader is requested to refer to the latest revised versions of the L.S. codes men-
tioned in the book.

Reference is made to the relevant Indian Standards, wherever applicable.

The number of illustrative problems as well as the number of practice problems is
made as large as possible so ag to cover the various types of problems likely to be
encountered. The problems are carefully graded with regard to their toughness.

A few “objective questions” are also included.
“Summary of Main Points” is given at the end of each Chapter.
References are given at the end of each Chapter.

Symbols and nomenclature adopted are mostly consistent, while being in close agree-
ment with the internationally standardised ones.

The sequence of topics and subtopics is made as logical as possible.

The author does not pretend to claim any originality for the material, the sources
being appropriately acknowledged; however, he does claim some degree of it in the
presentation, in the degree of lucidity sought to be imparted, and in his efforts to
combine the good features of previous works in this field,

In view of the meagre number of books in this field in S.I. Units, this can be expected to
be a valuable contribution to the existing literature.
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Chapter 1

SoiL AND SoiL MECHANICS

1.1 INTRODUCTION

The term ‘Soil’ has different meanings in different scientific fields. It has originated from the
Latin word Solum. To an agricultural scientist, it means “the loose material on the earth’s
crust consisting of disintegrated rock with an admixture of organic matter, which supports
plant life”. To a geologist, it means the disintegrated rock material which has not been trans-
ported from the place of origin. But, to a civil engineer, the term ‘soil’ means, the loose
unconsolidated inorganic material on the earth’s crust produced by the disintegration of rocks,
overlying hard rock with or without organic matter. Foundations of all structures have to be
placed on or in such soil, which is the primary reason for our interest as Civil Engineers in its
engineering behaviour.

Soil may remain at the place of its origin or it may be transported by various natural
agencies. It is said to be ‘residual’ in the earlier situation and ‘transported’ in the latter.

“Soil mechanics” is the study of the engineering behaviour of soil when it is used either
as a construction material or as a foundation material. This is a relatively young discipline of
civil engineering, systematised in its modern form by Karl Von Terzaghi (1925), who is rightly
regarded as the “Father of Modern Soil Mechanics”.*

An understanding of the principles of mechanics is essential to the study of soil mechan-
ics. A knowledge and application of the principles of other basic sciences such as physics and
chemistry would also be helpful in the understanding of soil behaviour. Further, laboratory
and field research have contributed in no small measure to the development of soil mechanics
as a discipline.

The application of the principles of soil mechanics to the design and construction of
foundations for various structures is known as “Foundation Engineering”. “Geotechnical
Engineering” may be considered to include both soil mechanics and foundation engineering.
In fact, according to Terzaghi, it is difficult to draw a distinct line of demarcation between soil
mechanics and foundation engineering; the latter starts where the former ends.

*According to him, “Soil Mechanics is the application of the laws of mechanics and hydraulics to
engineering problems dealing with sediments and other unconsolidated accumulations of soil particles
produced by the mechanical and chemical disintegration of rocks regardless of whether or not they
contain an admixture of organic constiuents”.
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Until recently, a civil engineer has been using the term ‘soil’ in its broadest sense to
include even the underlying bedrock in dealing with foundations. However, of late, it is well-
recognised that the sturdy of the engineering behaviour of rock material distinctly falls in the
realm of ‘rock mechanics’, research into which is gaining impetus the world over.

1.2 DEVELOPMENT OF SOIL MECHANICS

The use of soil for engineering purposes dates back to prehistoric times. Soil was used not only
for foundations but also as construction material for embankments. The knowledge was em-
pirical in nature and was based on trial and error, and experience.

The hanging gardens of Babylon were supported by huge retaining walls, the construc-
tion of which should have required some knowledge, though empirical, of earth pressures. The
large public buildings, harbours, aqueducts, bridges, roads and sanitary works of Romans
certainly indicate some knowledge of the engineering behaviour of soil. This has been evident
from the writings of Vitruvius, the Roman Engineer in the first century, B.C. Mansar and
Viswakarma, in India, wrote books on ‘construction science’ during the medieval period. The
Leaning Tower of Pisa, Italy, built between 1174 and 1350 A.D., is a glaring example of a lack
of sufficient knowledge of the behaviour of compressible soil, in those days.

Coulomb, a French Engineer, published his wedge theory of earth pressure in 1776,
which is the first major contribution to the scientific study of soil behaviour. He was the first to
introduce the concept of shearing resistance of the soil as composed of the two components—
cohesion and internal friction. Poncelet, Culmann and Rebhann were the other men who
extended the work of Coulomb. D’ Arcy and Stokes were notable for their laws for the flow of
water through soil and settlement of a solid particle in liquid medium, respectively. These
laws are still valid and play an important role in soil mechanics. Rankine gave his theory of
earth pressure in 1857; he did not consider cohesion, although he knew of its existence.

Boussinesq, in 1885, gave his theory of stress distribution in an elastic medium under a
point load on the surface.

Mohr, in 1871, gave a graphical representation of the state of stress at a point, called
‘Mohr’s Circle of Stress’. This has an extensive application in the strength theories applicable
to soil.

Atterberg, a Swedish soil scientist, gave in 1911 the concept of ‘consistency limits’ for a
soil. This made possible the understanding of the physical properties of soil. The Swedish
method of slices for slope stability analysis was developed by Fellenius in 1926. He was the
chairman of the Swedish Geotechnical Commission.

Prandtl gave his theory of plastic equilibrium in 1920 which became the basis for the
development of various theories of bearing capacity.

Terzaghi gave his theory of consolidation in 1923 which became an important develop-
ment in soil mechanics. He also published, in 1925, the first treatise on Soil Mechanics, a term
coined by him. (Erd bau mechanik, in German). Thus, he is regarded as the Father of modern
soil mechanics’. Later on, R.R. Proctor and A. Casagrande and a host of others were responsi-
ble for the development of the subject as a full-fledged discipline.



SOIL AND SOIL MECHANICS 3

Fifteen International Conferences have been held till now under the auspices of the
international Society of Soil Mechanics and Foundation engineering at Harvard (Massachu-
setts, U.S.A.) 1936, Rotterdam (The Netherlands) 1948, Zurich (Switzerland) 1953, London
(U.K.) 1957, Paris (France) 1961, Montreal (Canada) 1965, Mexico city (Mexico) 1969, Moscow
(U.S.S.R) 1973, Tokyo (Japan) 1977, Stockholm (Sweden) 1981, San Francisco (U.S.A.) 1985,
and Rio de Janeiro (Brazil) 1989. The thirteenth was held in New Delhi in 1994, the fourteenth
in Hamburg, Germany, in 1997 , and the fifteenth in Istanbul, Turkey in 2001. The sixteenth
is proposed to be held in Osaka, Japan, in 2005.

These conferences have given a big boost to research in the field of Soil Mechanics and
Foundation Engineering.

1.3 FIELDS OF APPLICATION OF SOIL MECHANICS

The knowledge of soil mechanics has application in many fields of Civil Engineering.

1.3.1 Foundations

The loads from any structure have to be ultimately transmitted to a soil through the founda-
tion for the structure. Thus, the foundation is an important part of a structure, the type and
details of which can be decided upon only with the knowledge and application of the principles
of soil mechanics.

1.3.2 Underground and Earth-retaining Structures

Underground structures such as drainage structures, pipe lines, and tunnels and earth-re-
taining structures such as retaining walls and bulkheads can be designed and constructed
only by using the principles of soil mechanics and the concept of ‘soil-structure interaction’.

1.3.3 Pavement Design

Pavement Design may consist of the design of flexible or rigid pavements. Flexible pavements
depend more on the subgrade soil for transmitting the traffic loads. Problems peculiar to the
design of pavements are the effect of repetitive loading, swelling and shrinkage of sub-soil and
frost action. Consideration of these and other factors in the efficient design of a pavement is a
must and one cannot do without the knowledge of soil mechanics.

1.3.4 Excavations, Embankments and Dams

Excavations require the knowledge of slope stability analysis; deep excavations may need tem-
porary supports—‘timbering’ or ‘bracing’, the design of which requires knowledge of soil me-
chanics. Likewise the construction of embankments and earth dams where soil itself is used as
the construction material, requires a thorough knowledge of the engineering behaviour of soil
especially in the presence of water. Knowledge of slope stability, effects of seepage, consolida-
tion and consequent settlement as well as compaction characteristics for achieving maximum
unit weight of the soil in-situ, is absolutely essential for efficient design and construction of
embankments and earth dams.
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The knowledge of soil mechanics, assuming the soil to be an ideal material elastic, iso-
tropic, and homogeneous material—coupled with the experimental determination of soil prop-
erties, is helpful in predicting the behaviour of soil in the field.

Soil being a particulate and hetergeneous material, does not lend itself to simple analy-
sis. Further, the difficulty is enhanced by the fact that soil strata vary in extent as well as in
depth even in a small area.

A through knowledge of soil mechanics is a prerequisite to be a successful foundation
engineer. It is difficult to draw a distinguishing line between Soil Mechanics and Foundation
Engineering; the later starts where the former ends.

1.4 SOIL FORMATION

Soil is formed by the process of ‘Weathering’ of rocks, that is, disintegration and decomposition
of rocks and minerals at or near the earth’s surface through the actions of natural or mechani-
cal and chemical agents into smaller and smaller grains.

The factors of weathering may be atmospheric, such as changes in temperature and
pressure; erosion and transportation by wind, water and glaciers; chemical action such as
crystal growth, oxidation, hydration, carbonation and leaching by water, especially rainwater,
with time.

Obviously, soils formed by mechanical weathering (that is, disintegration of rocks by
the action of wind, water and glaciers) bear a similarity in certain properties to the minerals in
the parent rock, since chemical changes which could destroy their identity do not take place.

It is to be noted that 95% of the earth’s crust consists of igneous rocks, and only the
remaining 5% consists of sedimentary and metamorphic rocks. However, sedimentary rocks
are present on 80% of the earth’s surface area. Feldspars are the minerals abundantly present
(60%) in igneous rocks. Amphiboles and pyroxenes, quartz and micas come next in that order.

Rocks are altered more by the process of chemical weathering than by mechanical weath-
ering. In chemical weathering some minerals disappear partially or fully, and new compounds
are formed. The intensity of weathering depends upon the presence of water and temperature
and the dissolved materials in water. Carbonic acid and oxygen are the most effective dis-
solved materials found in water which cause the weathering of rocks. Chemical weathering
has the maximum intensity in humid and tropical climates.

‘Leaching’ is the process whereby water-soluble parts in the soil such as Calcium Car-
bonate, are dissolved and washed out from the soil by rainfall or percolating subsurface water.
‘Laterite’ soil, in which certain areas of Kerala abound, is formed by leaching.

Harder minerals will be more resistant to weathering action, for example, Quartz present
in igneous rocks. But, prolonged chemical action may affect even such relatively stable miner-
als, resulting in the formation of secondary products of weatheing, such as clay minerals—
illite, kaolinite and montmorillonite. ‘Clay Mineralogy’ has grown into a very complicated and
broad subject (Ref: ‘Clay Mineralogy’ by R.E. Grim).
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Soil Profile

A deposit of soil material, resulting from one or more of the geological processes described
earlier, is subjected to further physical and chemical changes which are brought about by the
climate and other factors prevalent subsequently. Vegetation starts to develop and rainfall
begins the processes of leaching and eluviation of the surface of the soil material. Gradually,
with the passage of geological time profound changes take place in the character of the soil.
These changes bring about the development of ‘soil profile’.

Thus, the soil profile is a natural succession of zones or strata below the ground surface
and represents the alterations in the original soil material which have been brought about by
weathering processes. It may extend to different depths at different places and each stratum
may have varying thickness.

Generally, three distinct strata or horizons occur in a natural soil-profile; this number
may increase to five or more in soils which are very old or in which the weathering processes
have been unusually intense.

From top to bottom these horizons are designated as the A-horizon, the B-horizon and
the C-horizon. The A-horizon is rich in humus and organic plant residue. This is usually
eluviated and leached; that is, the ultrafine colloidal material and the soluble mineral salts
are washed out of this horizon by percolating water. It is dark in colour and its thickness may
range from a few centimetres to half a metre. This horizon often exhibits many undesirable
engineering characteristics and is of value only to agricultural soil scientists.

The B-horizon is sometimes referred to as the zone of accumulation. The material which
has migrated from the A-horizon by leaching and eluviation gets deposited in this zone. There
is a distinct difference of colour between this zone and the dark top soil of the A-horizon. This
soil is very much chemically active at the surface and contains unstable fine-grained material.
Thus, this is important in highway and airfield construction work and light structures such as
single storey residential buildings, in which the foundations are located near the ground
surface. The thickness of B-horizon may range from 0.50 to 0.75 m.

The material in the C-horizon is in the same physical and chemical state as it was first
deposited by water, wind or ice in the geological cycle. The thickness of this horizon may range
from a few centimetres to more than 30 m. The upper region of this horizon is often oxidised to
a considerable extent. It is from this horizon that the bulk of the material is often borrowed for
the construction of large soil structures such as earth dams.

Each of these horizons may consist of sub-horizons with distinctive physical and chemi-
cal characteristics and may be designated as A,, A,, B,, B,, etc. The transition between hori-
zons and sub-horizons may not be sharp but gradual. At a certain place, one or more horizons
may be missing in the soil profile for special reasons. A typical soil profile is shown in Fig. 1.1.

The morphology or form of a soil is expressed by a complete description of the texture,
structure, colour and other characteristics of the various horizons, and by their thicknesses
and depths in the soil profile. For these and other details the reader may refer “Soil Engineer-
ing” by M.G. Spangler.



6 GEOTECHNICAL ENGINEERING

: A horizon 30 to 50 cm

B horizon 60 to 100 cm

C, horizon 3to 4 m

C, horizon below 4 to 5 m

A : Light brown loam, leached

B : Dark brown clay, leached

. Light brown silty clay, oxidised and unleached

: Light brown silty clay, unoxidised and unleached

o0
Ne

Fig. 1.1 A typical soil profile

1.5 RESIDUAL AND TRANSPORTED SOILS

Soils which are formed by weathering of rocks may remain in position at the place of region. In
that case these are ‘Residual Soils’. These may get transported from the place of origin by
various agencies such as wind, water, ice, gravity, etc. In this case these are termed “Trans-
ported soil”. Residual soils differ very much from transported soils in their characteristics and
engineering behaviour. The degree of disintegration may vary greatly throughout a residual
soil mass and hence, only a gradual transition into rock is to be expected. An important char-
acteristic of these soils is that the sizes of grains are not definite because of the partially
disintegrated condition. The grains may break into smaller grains with the application of a
little pressure.

The residual soil profile may be divided into three zones: (i) the upper zone in which
there is a high degree of weathering and removal of material; (ii) the intermediate zone in
which there is some degree of weathering in the top portion and some deposition in the bottom
portion; and (iii) the partially weathered zone where there is the transition from the weath-
ered material to the unweathered parent rock. Residual soils tend to be more abundant in
humid and warm zones where conditions are favourable to chemical weathering of rocks and
have sufficient vegetation to keep the products of weathering from being easily transported as
sediments. Residual soils have not received much attention from geotechnical engineers be-
cause these are located primarily in undeveloped areas. In some zones in South India, sedi-
mentary soil deposits range from 8 to 15 m in thickness.

Transported soils may also be referred to as ‘Sedimentary’ soils since the sediments,
formed by weathering of rocks, will be transported by agencies such as wind and water to
places far away from the place of origin and get deposited when favourable conditions like a
decrease of velocity occur. A high degree of alteration of particle shape, size, and texture as
also sorting of the grains occurs during transportation and deposition. A large range of grain
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sizes and a high degree of smoothness and fineness of individual grains are the typical charac-
teristics of such soils.

Transported soils may be further subdivided, depending upon the transporting agency
and the place of deposition, as under:

Alluvial soils. Soils transported by rivers and streams: Sedimentary clays.
Aeoline soils. Soils transported by wind: loess.
Glacial soils. Soils transported by glaciers: Glacial till.
Lacustrine soils. Soils deposited in lake beds: Lacustrine silts and lacustrine clays.
Marine soils. Soils deposited in sea beds: Marine silts and marine clays.
Broad classification of soils may be:
1. Coarse-grained soils, with average grain-size greater than 0.075 mm, e.g., gravels and
sands.
2. Fine-grained soils, with average grain-size less than 0.075 mm, e.g., silts and clays.
These exhibit different properties and behaviour but certain general conclusions are
possible even with this categorisation. For example, fine-grained soils exhibit the property of
‘cohesion’—bonding caused by inter-molecular attraction while coarse-grained soils do not;
thus, the former may be said to be cohesive and the latter non-cohesive or cohesionless.

Further classification according to grain-size and other properties is given in later
chapters.

1.6 SOME COMMONLY USED SOIL DESIGNATIONS

The following are some commonly used soil designations, their definitions and basic proper-
ties:

Bentonite. Decomposed volcanic ash containing a high percentage of clay mineral—
montmorillonite. It exhibits high degree of shrinkage and swelling.

Black cotton soil. Black soil containing a high percentage of montmorillonite and colloi-
dal material; exhibits high degree of shrinkage and swelling. The name is derived from the
fact that cotton grows well in the black soil.

Boulder clay. Glacial clay containing all sizes of rock fragments from boulders down to
finely pulverised clay materials. It is also known as ‘Glacial till’.

Caliche. Soil conglomerate of gravel, sand and clay cemented by calcium carbonate.

Hard pan. Densely cemented soil which remains hard when wet. Boulder clays or gla-
cial tills may also be called hard-pan— very difficult to penetrate or excavate.

Laterite. Deep brown soil of cellular structure, easy to excavate but gets hardened on
exposure to air owing to the formation of hydrated iron oxides.

Loam. Mixture of sand, silt and clay size particles approximately in equal proportions;
sometimes contains organic matter.

Loess. Uniform wind-blown yellowish brown silt or silty clay; exhibits cohesion in the
dry condition, which is lost on wetting. Near vertical cuts can be made in the dry condition.
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Marl. Mixtures of clacareous sands or clays or loam; clay content not more than 75%
and lime content not less than 15%.

Moorum. Gravel mixed with red clay.
Top-soil. Surface material which supports plant life.

Varved clay. Clay and silt of glacial origin, essentially a lacustrine deposit; varve is a
term of Swedish origin meaning thin layer. Thicker silt varves of summer alternate with thin-
ner clay varves of winter.

1.7 STRUCTURE OF SOILS

The ‘structure’ of a soil may be defined as the manner of arrangement and state of aggregation
of soil grains. In a broader sense, consideration of mineralogical composition, electrical proper-
ties, orientation and shape of soil grains, nature and properties of soil water and the interac-
tion of soil water and soil grains, also may be included in the study of soil structure, which is
typical for transported or sediments soils. Structural composition of sedimented soils influ-
ences, many of their important engineering properties such as permeability, compressibility
and shear strength. Hence, a study of the structure of soils is important.

The following types of structure are commonly studied:

(a) Single-grained structure

(b) Honey-comb structure

(c) Flocculent structure

1.7.1 Single-grained Structure

Single-grained structure is characteristic of coarse-
grained soils, with a particle size greater than 0.02
mm. Gravitational forces predominate the surface
forces and hence grain to grain contact results. The
deposition may occur in a loose state, with large voids
or in a sense state, with less of voids.

1.7.2 Honey-comb Structure

This structure can occur only in fine-grained soils,
especially in silt and rock flour. Due to the relatively
smaller size of grains, besides gravitational forces,
inter-particle surface forces also play an important role
in the process of settling down. Miniature arches are
formed, which bridge over relatively large void spaces.
This results in the formation of a honey-comb structure,
each cell of a honey-comb being made up of numerous
individual soil grains. The structure has a large void
space and may carry high loads without a significant
volume change. The structure can be broken down by
external disturbances.

Fig. 1.3 Honey-comb structure
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1.7.3 Flocculent Structure

This structure is characteristic of fine-grained soils
such as clays. Inter-particle forces play a predomi-
nant role in the deposition. Mutual repulsion of the
particles may be eliminated by means of an appro-
priate chemical; this will result in grains coming
closer together to form a ‘floc’. Formation of flocs is
‘flocculation’. But the flocs tend to settle in a honey-
comb structure, in which in place of each grain, a
floc occurs.

Thus, grains grouping around void spaces
larger than the grain-size are flocs and flocs group-
ing around void spaces larger than even the flocs
result in the formation of a ‘flocculent’ structure.

Very fine particles or particles of colloidal size
(< 0.001 mm) may be in a flocculated or dispersed
state. The flaky particles are oriented edge-to-edge
or edge-to-face with respect to one another in the
case of a flocculated structure. Flaky particles of
clay minerals tend to from a card house structure
(Lambe, 1953), when flocculated. This is shown in
Fig. 1.5.

When inter-particle repulsive forces are
brought back into play either by remoulding or by
the transportation process, a more parallel arrange-
ment or reorientation of the particles occurs, as
shown in Fig. 1.6. This means more face-to-face con-
tacts occur for the flaky particles when these are in
a dispersed state. In practice, mixed structures oc-
cur, especially in typical marine soils.

1.8 TEXTURE OF SOILS

Fig. 1.4 Flocculent structure

Fig. 1.5 Card-house structure of
flaky particles

|:|I:I|:|

:/\%
—= = =

Fig. 1.6 Dispersed structure

The term ‘Texture’ refers to the appearance of the surface of a material, such as a fabric. It is
used in a similar sense with regard to soils. Texture of a soil is reflected largely by the particle
size, shape, and gradation. The concept of texture of a soil has found some use in the classifica-

tion of soils to be dealt with later.

1.9 MAJOR SOIL DEPOSITS OF INDIA

The soil deposits of India can be broadly classified into the following five types:

1. Black cotton soils, occurring in Maharashtra, Gujarat, Madhya Pradesh, Karnataka,
parts of Andhra Pradesh and Tamil Nadu. These are expansive in nature. On account of
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high swelling and shrinkage potential these are difficult soils to deal with in foundation
design.

Marine soils, occurring in a narrow belt all along the coast, especially in the Rann of
Kutch. These are very soft and sometimes contain organic matter, possess low strength
and high compressibility.

Desert soils, occurring in Rajasthan. These are deposited by wind and are uniformly
graded.

Alluvial soils, occurring in the Indo-Gangetic plain, north of the Vindhyachal ranges.
Lateritic soils, occurring in Kerala, South Maharashtra, Karnataka, Orissa and West
Bengal.

SUMMARY OF MAIN POINTS

The term ‘Soil’ is defined and the development of soil mechanics or geotechnical engineering as
a discipline in its own right is traced.

Foundations, underground and earth-retaining structures, pavements, excavations, embank-
ments and dams are the fields in which the knowledge of soil mechanics is essential.

The formation of soils by the action of various agencies in nature is discussed, residual soils and
transported soils being differentiated. Some commonly used soil designations are explained.
The sturcture and texture of soils affect their nature and engineering performance. Single-grained

structure is common in coarse grained soils and honey-combed and flocculent structures are
common in fine-grained soils.
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QUESTIONS

(a) Differentiate between ‘residual’ and ‘transported’ soils. In what way does this knowledge

(b) Write brief but critical notes on ‘texture’ and ‘structure’ of soils.

(1) Peat, (ii) Hard pan, (iii) Loess, (iv) Shale, (v) Fill, (vi) Bentonite, (vii) Kaolinite, (viii) Marl,
(ix) Caliche. (S.V.U.—B. Tech. (Part-time)—dJune, 1981)
Distinguish between ‘Black Cotton Soil’ and Laterite’ from an engineering point of view.
(S.V.U—B.E,, (R.R.)—Nov., 1974)
Briefly descibe the processes of soil formation. (S.V.U.—B.E,, (R.R.)—Nov., 1973)
(a) Explain the meanings of ‘texture’ and ‘structure’ of a soil.

(b) What is meant by ‘black cotton soil’? Indicate the geological and climatic conditions that tend
to produce this type of soil. (S.V.U—B.E., (R.R)—May, 1969)

(a) Relate different formations of soils to the geological aspects.
(b) Descibe different types of texture and structure of soils.
(c) Bring out the typical characteristics of the following materials:

() Peat, (ii) Organic soil, (ii) Loess, (iv) Kaolinite, (v) Bentonite, (vi) Shale, (vii) Black cotton
soil. (S.V.U.—B. Tech., (Part-time)—April, 1982)

9.
10.
Deuticke Vienna, 1925.
1.1
help in soil engineering practice?
(c) Explain the following materials:
1.2
1.3
14
1.5
1.6 Distinguish between

(i) Texture and Structure of soil.
(z1) Silt and Clay.
(iii) Aeoline and Sedimentary deposits. (S.V.U.—B.Tech., (Part-time)—May, 1983)



Chapter 2

CoMPOSITION OF SoliL
TERMINOLOGY AND DEFINITIONS

2.1 COMPOSITION OF SOIL

Soil is a complex physical system. A mass of soil includes accumulated solid particles or soil
grains and the void spaces that exist between the particles. The void spaces may be partially or
completely filled with water or some other liquid. Void spaces not occupied by water or any
other liquid are filled with air or some other gas.

‘Phase’ means any homogeneous part of the system different from other parts of the
system and separated from them by abrupt transition. In other words, each physically or chemi-
cally different, homogeneous, and mechanically separable part of a system constitutes a dis-
tinct phase. Literally speaking, phase simply means appearance and is derived from Greek. A
system consisting of more than one phase is said to be heterogeneous.

Since the volume occupied by a soil mass may generally be expected to include material
in all the three states of matter—solid, liquid and gas, soil is, in general, referred to as a
“three-phase system”.

A soil mass as it exists in nature is a more or less random accumulation of soil particles,
water and air-filled spaces as shown in Fig. 2.1 (a). For purposes of analysis it is convenient to
represent this soil mass by a block diagram, called ‘Phase-diagram’, as shown in Fig. 2.1 (b). It
may be noted that the separation of solids from voids can only be imagined. The phase-dia-
gram provides a convenient means of developing the weight-volume relationship for a soil.

Soil grains

Water around
the particles

Air in irregular
spaces between

and filling soil grains

up irregular /

spaces between Solid

the soil grains particles
(Soil)

(a) (b)
Fig. 2.1 (a) Actual soil mass, (b) Representation of soil mass by phase diagram

12
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When the soil voids are completely filled with water, the gaseous phase being absent, it
is said to be ‘fully saturated’ or merely ‘saturated’. When there is no water at all in the voids,
the voids will be full of air, the liquid phase being absent ; the soil is said to be dry. (It may be
noted that the dry condition is rare in nature and may be achieved in the laboratory through
oven-drying). In both these cases, the soil system reduces to a ‘two-phase’ one as shown in
Fig. 2.2 (a) and (b). These are merely special cases of the three-phase system.

Air
Solid Solid
particles particles
(Soil) (Soil)

(@) (b)

Fig. 2.2 (a) Saturated soil, (b) Dry soil represented as two-phase systems

2.2 BASIC TERMINOLOGY

A number of quantities or ratios are defined below, which constitute the basic terminology in
soil mechanics. The use of these quantities in predicting the engineering behaviour of soil will
be demonstrated in later chapters.

\ w
V

v y
V, = Volume of air W, = Weight of air (negligible or zero)
V, = Volume of water W, = Weight of water
V, = Volume of voids W, = Weight of material occupying void space
V, = Volume of solids W, = Weight of solids
V = Total volume of soil mass W = Total weight of solid mass

W, =W,

Fig. 2.3. Soil-phase diagram (volumes and weights of phases)
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The general three-phase diagram for soil will help in understanding the terminology
and also in the development of more useful relationships between the various quantities. Con-
ventionally, the volumes of the phases are represented on the left-side of the phase-diagram,
while weights are represented on the right-side as shown in Fig. 2.3.

Porosity

‘Porosity’ of a soil mass is the ratio of the volume of voids to the total volume of the soil mass.
It is denoted by the letter symbol n and is commonly expressed as a percentage:

\%
=Y %100 ...(Eq.2.1)
n v q

Here V,=V, +V, V=V +V +V
Void Ratio

‘Void ratio’ of a soil mass is defined as the ratio of the volume of voids to the volume of solids in
the soil mass. It is denoted by the letter symbol e and is generally expressed as a decimal
fraction :

e= ..(Eq.2.2)

= |c<

S

Here V,=V +V,

‘Void ratio’ is used more than ‘Porosity’ in soil mechanics to characterise the natural
state of soil. This is for the reason that, in void ratio, the denominator, V, or volume of solids,
is supposed to be relatively constant under the application of pressure, while the numerator,
V,, the volume of voids alone changes ; however, in the case of porosity, both the numerator V,
and the denominator V change upon application of pressure.

Degree of Saturation

‘Degree of saturation’ of a soil mass is defined as the ratio of the volume of water in the voids
to the volume of voids. It is designated by the letter symbol S and is commonly expressed as a
percentage :

\%

S = 7‘: x 100 ...(Eq. 2.3)
Here V,=V, +V,
For a fully saturated soil mass, v,=V,.
Therefore, for a saturated soil mass S = 100%.

For a dry soil mass, V is zero.

Therefore, for a perfectly dry soil sample S is zero.

In both these conditions, the soil is considered to be a two-phase system.

The degree of saturation is between zero and 100%, the soil mass being said to be ‘par-
tially’ saturated—the most common condition in nature.
Percent Air Voids
‘Percent air voids’ of a soil mass is defined as the ratio of the volume of air voids to the total
volume of the soil mass. It is denoted by the letter symbol n, and is commonly expressed as a
percentage :
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1
=22 %100 ...(Eq.2.4)
n v q

a

Air Content

‘Air content’ of a soil mass is defined as the ratio of the volume of air voids to the total volume
of voids. It is designated by the letter symbol a, and is commonly expressed as a percentage :

a, = —2 %100 ...(Eq. 2.5)

Water (Moisture) Content

‘Water content’ or ‘Moisture content’ of a soil mass is defined as the ratio of the weight of water
to the weight of solids (dry weight) of the soil mass. It is denoted by the letter symbol w and is
commonly expressed as a percentage :

W,

M 900 (Eq. 2.
YEW oWy (Eq.2.6)
_W-Wy) % 100 ...[Eq. 2.6(a)]
d

In the field of Geology, water content is defined as the ratio of weight of water to the
total weight of soil mass ; this difference has to be borne in mind.

For the purpose of the above definitions, only the free water in the pore spaces or voids
is considered. The significance of this statement will be understood as the reader goes through
the later chapters.

Bulk (Mass) Unit Weight

‘Bulk unit weight’ or ‘Mass unit weight’ of a soil mass is defined as the weight per unit volume
of the soil mass. It is denoted by the letter symbol y.

Hence, vy=W/V ...(Eq. 2.7)
Here W=W, +W,
and V=V +V +V,

The term ‘density’ is loosely used for ‘unit weight’ in soil mechanics, although, strictly
speaking, density means the mass per unit volume and not weight.

Unit Weight of Solids

‘Unit weight of solids’ is the weight of soil solids per unit volume of solids alone. It is also
sometimes called the ‘absolute unit weight’ of a soil. It is denoted by the letter symbol .

=_s ...(Eq. 2.8)
s v q

S

Unit Weight of Water
‘Unit weight of water’ is the weight per unit volume of water. It is denoted by the letter symbol
Y
w
=% ...(Eq. 2.9
Y \% (Eq )

w

It should be noted that the unit weight of water varies in a small range with tempera-
ture. It has a convenient value at 4°C, which is the standard temperature for this purpose. y, is
the symbol used to denote the unit weight of water at 4°C.
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The value of y, is 1g/cm? or 1000 kg/m? or 9.81 kN/m?.
Saturated Unit Weight
The ‘Saturated unit weight’ is defined as the bulk unit weight of the soil mass in the saturated
condition. This is denoted by the letter symbol v,,,.
Submerged (Buoyant) Unit Weight
The ‘Submerged unit weight’ or ‘Buoyant unit weight’ of a soil is its unit weight in the sub-
merged condition. In other words, it is the submerged weight of soil solids (W), per unit of
total volume, V of the soil. It is denoted by the letter symbol y” :
s Wosup
Ty

(W), is equal to the weight of solids in air minus the weight of water displaced by the solids.
This leads to :

...(Eq. 2.10)

W) =W, -V,.7, ...(Eq. 2.11)

Since the soil is submerged, the voids must be full of water ; the total volume V, then,
must be equal to (V + V). (W)_, may now be written as :
W)e =W-W,-V_.7y,

=W-V,_ .v,- V.,

=W—-vy, (V, +V)

=W-V.y,
Dividing throughout by V, the total volume,

(Wo)gub
s’sub _ (W/V) —
vV ( Y

or Y = Yeut — Y ...(Eq.2.12)
It may be noted that a submerged soil is invariably saturated, while a saturated soil
need not be sumberged.

sub

Equation 2.12 may be written as a direct consequence of Archimedes’ Principle which
states that the apparent loss of weight of a substance when weighed in water is equal to the
weight of water displaced by it.

Thus, Y= Ysat ~ Yo
since these are weights of unit volumes.

Dry Unit Weight
The ‘Dry unit weight’ is defined as the weight of soil solids per unit of total volume ; the former
is obtained by drying the soil, while the latter would be got prior to drying. The dry unit weight
is denoted by the letter symbol y, and is given by :
W, (or W)
Ya = v

Since the total volume is a variable with respect to packing of the grains as well as with

the water content, v, is a relatively variable quantity, unlike v,, the unit weight of solids.*

...(Eq. 2.13)

*The term ‘density’ is loosely used for ‘unit weight’ in soil mechanics, although the former really
means mass per unit volume and not weight per unit volume.
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Mass Specific Gravity
The ‘Mass specific gravity’ of a soil may be defined as the ratio of mass or bulk unit weight of
soil to the unit weight of water at the standard temperature (4°C). This is denoted by the letter
symbol G,, and is given by :

G, =" .(Eq. 2.14)

Yo
This is also referred to as ‘bulk specific gravity’ or ‘apparent specific gravity’.

Specific Gravity of Solids
The ‘specific gravity of soil solids’ is defined as the ratio of the unit weight of solids (absolute
unit weight of soil) to the unit weight of water at the standard temperature (4°C). This is
denoted by the letter symbol G and is given by :

G= Z— ..(Eq. 2.15)

This is also known as ‘Absolute specific gravity’ and, in fact, more popularly as ‘Grain
Specific Gravity’. Since this is relatively constant value for a given soil, it enters into many
computations in the field of soil mechanics.

Specific Gravity of Water
‘Specific gravity of water’ is defined as the ratio of the unit weight of water to the unit weight
of water at the standard temperature (4°C). It is denoted by the letter symbol, G, and is given
by :
G _Tw
o= ...(Eq. 2.16)
Yo

Since the variation of the unit weight of water with temperature is small, this value is
very nearly unity, and in practice is taken as such.

In view of this observation, y in Egs. 2.14 and 2.15 is generally substituted by v, , with-
out affecting the results in any significant manner.

;I

W =Vy=V.G

m'yw

Solids W, = Vg1, = V.G,

<
e — < —>|+m<+|

¥ v

Fig. 2.4. Soil phase diagram showing additional equivalents on the weight side

2.3 CERTAIN IMPORTANT RELATIONSHIPS

In view of foregoing definitions, the soil phase diagram may be shown as in Fig. 2.4, with
additional equivalents on the weight side.
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A number of useful relationships may be derived based on the foregoing definitions and
the soil-phase diagram.

2.3.1 Relationships Involving Porosity, Void Ratio, Degree of Saturation,
Water Content, Percent Air Voids and Air Content

n =Y, as a fraction
\%4

_ V-V, :l—ﬂzl— W,
\%4 \%4 Gy, V
=1- G‘;‘;O,ZV ...(Eq.2.17)
This may provide a practical approach to the determination of n.
Ve
=V,
_V-V) V. Von,
V, V, W,
o= V'Vid”w -1 ...(Eq. 2.18)
This may provide a practical approach to the determination of e.
Vv Vv
n=; e= Vs
V,+V, V., V, _(1+e)
1/n=VIV, = v —U+VU—]/e+1— .
e

n= 1+e)

...(Eq. 2.19)
e = n/(1 —n), by algebraic manipulation

...(Eq. 2.20)
These interrelationships between n and e facilitate computation of one if the other is

Va and 4
a =—- n=-L
© v, \%
Va
na. =—-%=n
c V a
n,=n.a,
By definition,

...(Eq. 2.20)

w=W,_ /W, as fraction ;S =V /V , as fraction ;e =V /V_
S.e=V IV
w = Ww/W — Vst — Vw’YS

S Vo4 V.G =V VG =S.elG
w.G=S.e

...(Eq. 2.21)
(Note. This is valid even if both w and S are expressed as percentages). For saturated condition,
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wg, =elGore=w_,.G ...(Eq. 2.22)
Uv Uw Uw
YV, V,-V, v, v, v,
MEVTV AV, T Lt dve
US
But S.e=V, IV
n = =Se_ed-8) ..(Eq. 2.23)
e l1+e 1+e
Also n,=(ef1+e)(1-8) =n(1-9) ..(Eq. 2.24)
a,=VJ/V,
S=V/v,
o +5=Yat Vo) vy g
c v AL
a,=(1-29) ...(Eq. 2.25)

In view of Eq. 2.25, Eq. 2.24 becomes n,, = n.a , which is Eq. 2.20.

2.3.2 Relationships Involving Unit Weights, Grain Specific Gravity, Void

Ratio, and Degree of Saturation
W, +W, W1+ W,/W,)

V=WV = T ar vy
\4
But W /W, =w, as a fraction ; 7” =e;and
W
s v — (.
v, s Y
v= Gy, d+w) (w as a fraction) ...(Eq. 2.26)
1+e)
(G +w@
Furth =——
urther, Y e v
But w.G=S8.e
Y= M. w (S as a fraction) ...(Eq. 2.27)
(1+e)

This is a general equation from which the unit weights corresponding to the saturated
and dry states of soil may be got by substituting S = 1 and S = 0 respectively (as a fraction).

G+e
=|—". ...(Eq. 2.2
Ysat (1+€) w ( q 8)
G.y
d = —1 ...(Eq. 2.29
an Y (1+e) (Eq )

Note. y,,, and 7, may be derived from first principles also in just the same way as y.
The submerged unit weight y* may be written as :

v = Yeat — Y ...(Eq. 2.12)
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_(G+e) 3
G Y — Yu
(G+e)
=Yw {(1+e) _1}
(G-1) ...(Eq. 2.30)

- (1+e) "

’

But =
ut, w W,

whence W.=W/(1 +w)
W v
T VAtw (1+w)
_ ¥ _(G+8S.e)
G, = MR (s ..(Eq. 2.32)
Solving for e, e= %

(w as a fraction) ...(Eq. 2.31)

...(Eq. 2.33)

2.3.3 Unit-phase Diagram
The soil-phase diagram may also be shown with the volume of solids as unity ; in such a case,

it is referred to as the ‘Unit-phase Diagram’ (Fig. 2.5).
It is interesting to note that all the interrelationships of the various quantities enumer-

ated and derived earlier may conveniently be obtained by using the unit-phase diagram also.

Volume Weight
T 1T
ae ‘| Zero
. ¥ 11
l S.e 1 Sew,
l Solids 1.Guy,

Fig. 2.5 Unit-phase diagram

For example; Porosity,
volume of voids —ell+e)

total volume
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weight of water S.e.y,

Water content, w = weight of solids = Gv. =S.e/G
or w.G=S8.e
_ total weight (G+S.e)  Gy,(1+w)
 total volume  (1+e) 'Y (l+e)

_ weight of solids _ G.y,,
=

total volume  (1+e)
and so on.
The reader may, in a similar manner, prove the other relationships also.

2.4 ILLUSTRATIVE EXAMPLES

Example 2.1: One cubic metre of wet soil weighs 19.80 kN. If the specific gravity of soil parti-
cles is 2.70 and water content is 11%, find the void ratio, dry density and degree of saturation.

(S.V.U—B.E.(R.R.)—Nov. 1975)

Bulk unit weight, =19.80 kN/m3
Water content, w=11%=0.11
19.
Dry unit weight, Y, v _ 1980 kN/m® = 17.84 kN/m?

T A+w)  (1+01D)
Specific gravity of soil particles G = 2.70

G.Yy
ta = l+e
Unit weight of water, 7y, =9.81 kN/m?
17.84 2.70 x9.81
(1+e)
(1+e)= 2.70x9.81 _ 1.485
17.84
Void ratio, e =0.485
Degree of Saturation, S =wG/e
_ 011x270 _ 06124
0.485

Degree of Saturation = 61.24%.

Example 2.2: Determine the (i) Water content, (ii) Dry density, (iii) Bulk density, (iv) Void
ratio and (v) Degree of saturation from the following data :

Sample size 3.81 cm dia. x 7.62 cm ht.

Wet weight =1.668 N
Oven-dry weight =1.400 N
Specific gravity =2.7 (S.V.U.—B. Tech. (Part-time)—dJune, 1981)
Wet weight, W=1.668 N

Oven-dry weight, =W, =1.400 N
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(1668 — 1.400)
w=-——"—""""-—

Water content, x100% = 19.14%

140
Total volume of soil sample, V= g x (3.81)? x 7.62 cm?
= 86.87 cm?
Bulk unit weight, y=W/V = % =0.0192 N/ecm3
= 18.84 kN/m3
L v 18.84 5
D t ht, = = kN/m° = 15.81 kN/m3
Ty umt weig T Tvw)  (1+01914) m
Specific gravity of solids, G=2.70
G.y
= ® = 9.81 kN/m?
ta A+e) To o
2. 81
15.81= 21X98L o) 2 27X98L _ oos
(1+e) 15.81
Void ratio, e =0.675
Degree of saturation, S = wG _ % =0.7656 = 76.56%.
e .

Example 2.3: A soil has bulk density of 20.1 kN/m? and water content of 15%. Calculate the
water content if the soil partially dries to a density of 19.4 kN/m? and the void ratio remains

unchanged. (S.V.U—B.E. (R.R.)—Dec., 1971)
Bulk unit weight, v=20.1 kN/m?
Water content, w = 15%
Dry unit weight, Y, = v 201 kN/m? = 17.5 kN/m?
Q+w) (1+0.15)
Gy, .
But Yg = (lTe) >

if the void ratio remains unchanged while drying takes place, the dry unit weight also remains
unchanged since G and v, do not change.

New value of y = 19.4 kN/m?
_
1+ w)
- Y=7,1+w)
or 194=175 (1+w)

= % =1.1086

Ya

(1+w)

w = 0.1086
Hence the water content after partial drying = 10.86%.

Example 2.4: The porosity of a soil sample is 35% and the specific gravity of its particles is 2.7.
Calculate its void ratio, dry density, saturated density and submerged density.

(S.V.U—B.E. (R.R.)—May, 1971)
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Porosity, n =35%
Void ratio, e=n/(1-n)=0.35/0.65 =0.54
Specific gravity of soil particles = 2.7
. . G.y
D t ht, =—%
ry unit weig Y, dze)
_ 2TX981 1 \m3 - 17.20 KN/m?
154
. . (G+e)
Saturated unit weight, Yeat = m.yw
= w x 9.81 kN/mS
154
= 20.64 kN/m3
Submerged unit weight, Y = Yeut — Yo
=(20.64 — 9.81) kN/m3
=10.83 kN/m3.

Example 2.5: (i) A dry soil has a void ratio of 0.65 and its grain specific gravity is = 2.80. What
is its unit weight ?
(ii) Water is added to the sample so that its degree of saturation is 60% without any
change in void ratio. Determine the water content and unit weight.

(ii) The sample is next placed below water. Determine the true unit weight (not consid-
ering buoyancy) if the degree of saturation is 95% and 100% respectively.

(S.V.U.—B.E.(R.R.)—Feb, 1976)
(z) Dry Soil
Void ratio, e=0.65
Grain specific gravity, G =2.80
_ Gy, 280x98
“(1+e) 165
(i) Partial Saturation of the Soil

Degree of saturation, S =60%

kN/m? = 16.65 kN/m3.

Unit weight, Yy

Since the void ratio remained unchanged, e = 0.65
W= S.e _0.60x0.65

Water content, =0.1393
G 2.80
= 13.93%
Unit weight = G159, _ (280+060x065) o, 1 s
(1+e) 165
= 18.97 kN/m3.
(zi1) Sample below Water
High degree of saturation S = 95%
. . (G + Se) (2.80 + 0.95 x 0.65) 3
ht = N = 9.81 kN/
Unit weight (1te) Yw 165 m

= 20.32 kN/m?
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Full saturation,

Unit weight =

S =100%
(G+e) = (2.80 + 0.65) 9.81 kN/m?
(1+e) 165
=20.51 kN/m3.

Example 2.6: A sample of saturated soil has a water content of 35%. The specific gravity of
solids is 2.65. Determine its void ratio, porosity, saturated unit weight and dry unit weight.

Saturated soil

Water content,

specific gravity of solids,
Void ratio,

Porosity,

Saturated unit weight,

Dry unit weight,

(S.V.U—B.E.(R.R.)—Dec., 1970)

w = 35%
G =2.65
e = w@, in this case.
e=0.35 x 2.65 = 0.93
n=—2=993_ 0489 - 48.20%
1+e 193
_(G+e)
Vst = (11 Yo
_ (265+093)
~ (1+093)
= 18.15 kN/m?
_ Gy,
T (1+e)
_ 265x9.81

193
= 13.44 kN/m3.

x 9.81

Yq

Example 2.7: A saturated clay has a water content of 39.3% and a bulk specific gravity of 1.84.
Determine the void ratio and specific gravity of particles.

or

Saturated clay
Water content,

Bulk specific gravity,
Bulk unit weight,

In this case,

For a saturated soil,

18.05 =

(S.V.U—B.E.(R.R.)—May, 1969)

w =39.3%
G, =184
V=G, Yy
=1.84 x 9.81 = 18.05 kN/m?
Yoy = 18.05 kKN/m?
(G+e)
sat = (1+€) lw

e=w@G
e=0.393 G
(G+0.393G)

.(9.8))
(1+0.393G)
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whence G = 2.74
Specific gravity of soil particles = 2.74
Void ratio = 0.393 x 2.74 = 1.08.

Example 2.8: The mass specific gravity of a fully saturated specimen of clay having a water
content of 30.5% is 1.96. On oven drying, the mass specific gravity drops to 1.60. Calculate the

specific gravity of clay. (S.V.U.—B.E.(R.R.)—Nov. 1972)
Saturated clay
Water content, w =30.5%
Mass specific gravity, G, =196
Yeat = G Y, = 1.96 7,
On oven-drying, G, =1.60
: v, =G,,.7, =160y,
Ysar = 1.96.7,, = —(Ci: f);)(“’ (@)
v, = 1.60.y, = (C;I:) )
For a saturated soil, e=w@G
. e = 0.305G
From (7),
1.96 = (G +0.305G) _ 1305G
(1+0.305G) (1+0.305G)
= 1.96 + 0.598G = 1.305G
= G= 1960 _ 2.77
0.707
From (i1),
1.60 =G/(1 +e)
= G=(1+0.305G)1.6
= G =1.6 +0.485G
= 0.512G=1.6
= G =1.6/0.512 =3.123

The latter part should not have been given (additional and inconsistent data).
Example 2.9: A sample of clay taken from a natural stratum was found to be partially satu-
rated and when tested in the laboratory gave the following results. Compute the degree of
saturation. Specific gravity of soil particles = 2.6 ; wet weight of sample = 2.50 N; dry weight of

sample = 210 N ; and volume of sample = 150 cm?. (S.V.U.—B.E.(R.R.)—Nov., 1974)
Specific gravity of soil particles, G =2.60
Wet weight, W =2.50N;
Volume, V =150 cm?

Dry weight, W,=2.10N
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C(W-W)

Water content, w x 100 = M x 100%
g 2.1
= 040 x 100% = 19.05%
2.10

Bulk unit weight, y=W/V =2.50/150 = 0.0167 N/cm3

= 16.38 kN/m?
. . v 16.38 3
D t ht, = = kN/
fy ambwers 4= Qv w) (1401905

= 13.76 kN/m?

[Also, Yq= % =2.10/150 = 0.014 N/cm? = 13.734 kN/mﬂ

_ Gy,

T (1+e)
2.6 x9.81
1+e)
_26x981

+e)
13.76
e=0.854

wG _0.1905x 26

S=—"
e 0.854

= 58%
Aliter. From the phase-diagram (Fig. 2.6)
V=150 cc
W=250N
W,=W_=210N

But Y4
13.76 =

(1 =1.854

Degree of saturation,

=0.58

T

3
VV =69.23cm

V=150 cm’

Vg =80.77 cm’ Solids

l

Fig. 2.6 Phase diagram (Example 2.
W, =(2.50 - 2.10) N

=0.40N

W, 040
Vo= =22 40 cm?
N Y} B

9

14
%
WS

)

=0.40N

W =250N

=2.10N
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W, W, 210
s vy, Gy, 26x0.01
V, =(V-V,)=(150 - 80.77) = 69.23 cm?
V.

Degree of saturation, S = 7‘”

S =40/69.23 = 0.578
S =40/69.23 = 0.578

Degree of saturation = 57.8%

= 80.77 cm3

Thus, it may be observed that it may sometimes be simpler to solve numerical problems
by the use of the soil-phase diagram.

Note. All the illustrative examples may be solved with the aid of the soil-phase diagram or the
unit-phase diagram also ; however, this may not always be simple.

SUMMARY OF MAIN POINTS

1. Soil is a complex physical system ; generally speaking, it is a three-phase system, mineral grains
of soil, pore water and pore air, constituting the three phases. If one of the phases such as pore
water or pore air is absent, it is said to be dry or saturated in that order ; the system then reduces
to a two-phase one.

2. Phase-diagram is a convenient representation of the soil which facilitates the derivation of use-
ful quantitative relationships involving volumes and weights.

Void ratio, which is the ratio of the volume of voids to that of the soil solids, is a useful concept in
the field of geotechnical engineering in view of its relatively invariant nature.

3. Submerged unit weight is the difference between saturated unit weight and the unit weight of
water.

4. Specific gravity of soil solids or grain specific gravity occurs in many relationships and is one of
the most important values for a soil.
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QUESTIONS AND PROBLEMS

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

(a) Define :

(i) Void ratio, (ii) Porosity, (iii) Degree of saturation, (iv) Water content, (v) Dry density, (vi)
Bulk density, (vii) Submerged density.

(b) Derive from fundamentals :
@) S.e=w.@G,
where

S represents degree of saturation,

e represents void ratio,

w represents water content, and

G represents grain specific gravity
(i) Derive the relationship between dry density and bulk density in terms of water content.

(S.V.U.—B. Tech., (Part-time)—June, 1981)

Sketch the phase diagram for a soil and indicate the volumes and weights of the phases on it.
Define ‘Void ratio’, ‘Degree of saturation’, and ‘Water content’. What is a unit phase diagram ?

(S.V.U—B.E,, (R.R.)—Feb., 1976)
Establish the relationship between degree of saturation, soil moisture content, specific gravity
of soil particles, and void ratio.
The volume of an undisturbed clay sample having a natural water content of 40% is 25.6 cm3 and
its wet weight is 0.435 N. Calculate the degree of saturation of the sample if the grain specific
gravity is 2.75. (S.V.U.—B.E,, (R.R.)—May, 1975)
(a) Distinguish between Black cotton soil and Laterite from an engineering point of view.
(b) Defining the terms ‘Void ratio’, ‘Degree of saturation’ and ‘Water content’, explain the engi-

neering significance of determining these properties. (S.V.U.—B.E,, (R.R.)—Nov., 1974)

A piece of clay taken from a sampling tube has a wet weight of 1.553 N and volume of 95.3 cm?.
After drying in an oven for 24 hours at 105°C, its weight 1.087 N. Assuming the specific gravity
of the soil particles as 2.75, determine the void ratio and degree of saturation of the clay sample.

(S.V.U—B.E., (R.R.)—Nov., 1973)
Derive the formula between soil moisture content (w), degree of saturation (S), specific gravity
(@), and void ratio (e).
A saturated clay has a water content of 40% and bulk specific gravity of 1.90. Determine the void
ratio and specific gravity of particles. (S.V.U.—B.E., (R.R.)—May, 1970)
Derive the relation between void ratio (e), specific gravity of particles (G) and moisture content
at full saturation (w).
A certain sample of saturated soil in a container weighs 0.65 N. On drying in an oven in the
container it weighs 0.60 N. The weight of container is 0.35 N. The grain specific gravity is 2.65.
Determine the void ratio, water content, and bulk unit weight.

(S.V.U—B.E,, (R.R.)—Nov., 1969)
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2.8.

2.9.

2.10.

2.11.

2.12.

(a) Define ‘Soil Texture’ and ‘Soil structure’. What are the various terms used to describe the
above properties of the soil ?

(b) A clay sample containing natural moisture content weighs 3.462 N. The specific gravity of
soil particles is 2.70. After oven drying, the soil weighs 2.036 N. If the displaced volume of
the wet soil sample is 24.26 cm?® calculate : (i) the moisture content of the sample, (ii) its void
ratio, and (ii7) degree of saturation. (S.V.U.—B.E., (N.R.)—Sep., 1968)

(a) The porosity and the specific gravity of solids of 100% saturated soil are known. In terms of
these quantities and with the aid of a properly drawn sketch, derive a formula for the mois-
ture content of the soil.

(b) A highly sensitive volcanic clay was investigated in the laboratory and found to have the
following properties :

(1) Vyger = 12.56 kN/m? @) G =2.75
(iit) e=9.0 @iv) w = 311%.
In rechecking the above values, one was found to be inconsistent with the rest. Find the incon-
sistent value and report it correctly. (S.V.U.—B.E., (N.R.)—April, 1966)

A partially saturated soil from an earth fill has a natural water content of 19% and a bulk unit
weight of 19.33 kN/m3. Assuming the specific gravity of soil solids as 2.7, compute the degree of
saturation and void ratio. If subsequently the soil gets saturated, determine the dry density,
buoyant unit weight and saturated unit weight.  (S.V.U.—B. Tech., (Part-time)—April, 1982)
In a field density test, the volume and wet weight of soil obtained are 785 ¢cm?3 and 15.80 N
respectively. If the water content is found to be 36%, determine the wet and dry unit weights of
the soil. If the specific gravity of the soil grains is 2.6, compute the void ratio.

(S.V.U.—B. Tech. (Part-time)—May, 1983)
A clay sample, containing its natural moisture content, weighs 0.333 N. The specific gravity of
solids of this soil is 2.70. After oven-drying, the soil sample weighs 0.2025 N. The volume of the
moist sample, before oven-drying, found by displacement of mercury is 24.30 cm®. Determine the
moisture content, void ratio and degree of saturation of the soil.



Chapter 3

INDEX PROPERTIES AND
CLASSIFICATION TESTS

3.1 INTRODUCTION

As an aid for the soil and foundation engineer, soils have been divide into basic categories
based upon certain physical characteristics and properties. The categories have been rela-
tively broad in scope because of the wide range of characteristics of the various soils that exist
in nature. For a proper evaluation of the suitability of soil for use as foundation or construction
material, information about its properties, in addition to classification, is frequently neces-
sary. Those properties which help to assess the engineering behaviour of a soil and which
assist in determining its classification accurately are termed ‘Index Properties’. The tests re-
quired to determine index properties are in fact ‘classification tests’. Index properties include
indices that can be determined relatively quickly and easily, and which will have a bearing on
important aspects of engineering behaviour such as strength or load-bearing capacity, swell-
ing and shrinkage, and settlement. These properties may be relating to individual soil grains
or to the aggregate soil mass. The former are usually studied from disturbed or remoulded soil
samples and the latter from relatively undisturbed samples, i.e., from soil in-situ.

Some of the important physical properties, which may relate to the state of the soil or
the type of the soil include soil colour, soil structure, texture, particle shape, grain specific
gravity, water content, in-situ unit weight, density index, particle size distribution, and con-
sistency limits and related indices. The last two are classification tests, strictly speaking. These,
and a few properties peculiar to clay soils, will be studied in the following sections, except soil
structure and texture, which have already been dealt with in Chapter 1.

3.2 SOIL COLOUR

Colour of soil is one of the most obvious of its features. Soil colour may vary widely, ranging
from white through red to black ; it mainly depends upon the mineral matter, quantity and
nature of organic matter and the amount of colouring oxides of iron and manganese, besides
the degree of oxidation.

Iron compounds of some minerals get oxidised and hydrated, imparting red, brown or
yellow colour of different shades to the soil. Manganese compounds and decayed organic matter

30
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impart black colour to the soil. Green and blue colours may be imparted by famous compounds
such as pyrite. Absence of coloured compounds will lead to grey and white colours of the soil.
Quartz, kaolinite and a few other clay minerals may induce these colours. Light grey colour
may be imparted by small amounts of organic matter as well. Soil colour gets darkened by an
increase in organic content.

Change in moisture content leads to lightening of soil colour. A dark coloured soil turns
lighter on oven-drying. For identification and descriptive purposes, the colour should be that
of moist state and, preferably, of the undisturbed state. In general, clays are darker in colour
than sands and silts because of the capacity of the former for retention of water.

3.3 PARTICLE SHAPE

Shape of individual soil grains is an important qualitative property. In the case of coarse-
grained soils, including silts, the grains are bulky in nature, indicating that the three principal
dimensions are approximately of the same order.

Individual particles are frequently very irregular in shape, depending on the parent
rock, the stage of weathering and the agents of weathering. The particle shape of bulky grains
may be described by terms such as ‘angular’, ‘sub-angular’, ‘sub-rounded’, ‘rounded’ and ‘well-
rounded’ (Fig. 3.1). Silt particles rarely break down to less that 2u size (on @ = one micron
=0.001 mm), because of their mineralogical composition.

Angular Subangular Subbrounded Rounded  Well-rounded
Fig. 3.1 Shapes of granular soil particles

The mineralogical composition of true clay is distinctly different from the mineral com-
ponents of other soil types, thus necessitating the distinction between clay minerals and non-
clay minerals. Clay particles are invariably less than 2y size. Microscopic studies of such soils
reveal that the particle shape is flake-like or needle-like ; clay minerals are invariably crystal-
line in nature, having an orderly, sheet-like molecular structure. Clay particles, in fact, may
consist of several such sheets on top of one another. The clay minerals, kaolinite, illite, and
montmorillonite, show such sheet structure and flaky particle shape.

3.4 SPECIFIC GRAVITY OF SOIL SOLIDS

Specific gravity of the soil solids is useful in the determination of void-ratio, degree of satura-
tion, etc., besides the ‘Critical Hydraulic gradient’, and ‘Zero-air-voids’ in compaction. It is
useful in computing the unit weight of the soil under different conditions and also in the deter-
mination of particle size by wet analysis. Hence, the specific gravity of soil solids should be
determined with great precision.
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The grain specific gravities of some common soils are listed in Table 3.1, which should
serve as a guideline to the engineer:

Table 3.1 Grain specific gravities of some soils

S. No. Soil type Grain specific gravity

1. Quartz sand 2.64 — 2.65
2. Silt 2.68 — 2.72
3. Silt with organic matter 2.40 - 2.50
4. Clay 2.44 — 2.92
5. Bentonite 2.34

6. Loess 2.65 —2.75
7. Lime 2.70

8. Peat 1.26 - 1.80
9. Humus 1.37

The standardised detailed procedure for the determination of the specific gravity of soil
solids is contained in the Indian Standard Specification — “IS:2720 (Part-II1)-1980, First Revi-
sion-Method of Test for Soils, Part III, Determination of specific gravity”. (Section 1 for fine-
grained soils and section 2 for fine, medium and coarse grained soils).

However, the general procedure is set out below:

A 50-cc density bottle or a 500-cc pycnometer may be used. While the density bottle is
the more accurate and suitable for all types of soils, the pycnometer (Fig. 3.2) is used only for
coarse-grained soils. The sequence of observations and the procedure are similar in both cases.

Hole
Brass
conical cap
7 Rubber
washer
// Screw
ring

Glass
jar

4

Fig. 3.2 Pycnometer
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First, the weight of the empty pycnometer is determined (W) in the dry condition. Then
the sample of oven-dried soil, cooled in the desiccator, is placed in the pycnometer and its
weight with the soil is determined (W,). The remaining volume of the pycnometer is then
gradually filled with distilled water or kerosene. The entrapped air should be removed either
by gentle heating and vigorous shaking or by applying vacuum. The weight of the pycnometer,
soil and water is obtained (W) carefully. Lastly, the bottle is emptied, thoroughly cleaned and
filled with distilled water or kerosene, and its weight taken (W ).

With the aid of these four observations, the grain specific gravity may be determined as
follows:

(a) Empty (b) Pycnometer + (c) Pycnometer + soil (d) Pycnometer +
pycnometer wt. W, Dry soil wt. W, + water wt. Wy water wt. W,

Fig. 3.3 Determination of grain specific gravity

From the readings, the wt of solids W_= W, — W,, from (a) and (b)
Wt of water = W, — W, from (b) and (c)
Wt of distilled water = W, — W, from (@) and (d)
. Weight of water having the same volume as that of soil solids = (W, - W,) — (W, —W,).
By definition, and by Archimedes’ principle,
G- Weight of soil solids
Weight of water of volume equal to that of solids

L W-wy
= W, —Wy) — (W, W)
L W-Wy
(W, — Wy) — (W — W,)
W
G=— =2 ...(Eq. 3.1
W, — Wy~ Wy) (B 3.1)

W_ is nothing but the dry weight of the soil.
Aliter. If the soil solids are removed from W, and replaced by water of equal volume, W,
is obtained.

w.
Volume of solids = ES
W W,
=MWt
w.

Hence, same as Eq. 3.1.

G =
W) — (W3 - W)’
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If kerosene is used,
- WG,
W, — (W3 — Wy)

where G, = Specific gravity of kerosene at the temperature of the test.

...(Eq. 3.2)

Kerosene is used in preference to distilled water, if a density bottle is used; kerosene
has better wetting capacity, which may be needed if the soil sample is of clay. In the case of
clay, de-airing should be done much more carefully by placing the bottle in a vacuum desiccator
for about 24 hours. This procedure should be resorted to for obtaining the weights W, and W,.

Conventionally, the specific gravity is reported at a temperature of 27°C. If the room
temperature at the time of testing is different from this, then temperature correction becomes
necessary. Alternatively, the weights W, and W, should be taken after keeping the bottle in a
constant temperature bath at the desired temperature of 27°C.

If the specific gravity, determined at a temperature of T,°C, is Gy, and it is desired to

obtain the specific gravity G, at a temperature of T,°C, the following equation may be used:

(Gy)r,
Gr, = Cr, - G )T2
woly

...(Eq. 3.3)

where (G, ), and (G, )r, are the specific gravities of water at temperatures T',°C and T,°C

respectively. (These should be the values for kerosene if that liquid has been used in plane of
water).

In other words, the grain specific gravity is directly proportional to the specific gravity
of the water at the test temperature. In the light of this observation, Eq. 3.1 is sometimes
modified to read as follows:

W, . (Gy)r
W, - (G3 - Gy)
where (G, ), is the specific gravity of water at the test temperature.

If (G,), is taken as unity, which is true only at 4°C, Eq. 3.4 reduces to Eq, 3.1; that is to

say, Eq. 3.1 may be used if one desires to report the value of G at 4°C and if one would like to

ignore the effect of temperature. (The proof of the equations 3.3 and 3.4 is not difficult and is
left to the reader).

Since the specific gravity of water varies only in a small range (1.0000 at 4°C and 0.9922
at 40°C), the temperature correction in the determination of grain specific gravity is quite
often ignored. However, errors due to the presence of entrapped air can be significant.

G- ..(Eq. 3.4)

3.5 WATER CONTENT

‘Water content’ or ‘moisture content’ of a soil has a direct bearing on its strength and stability.
The water content of a soil in its natural state is termed its ‘Natural moisture content’, which
characterises its performance under the action of load and temperature. The water content
may range from a trace quantity to that sufficient to saturate the soil or fill all the voids in it.
If the trace moisture has been acquired by the soil by absorption from the atmosphere, then it
is said to be ‘hygroscopic moisture’.
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The knowledge of water content is necessary in soil compaction control, in determining
consistency limits of soil, and for the calculation of stability of all kinds of earth works and
foundations.

The method for the determination of water content, recommended by the Indian Stand-
ards Institution (I.S.1.), is set out in “IS: 2720 (Part-I11)-1973, Methods of Test for soils-Part I1
Determination of Moisture content”, and is based on oven-drying of the soil sample.

The following methods will be given here:
(i) Over-drying method

(i) Pycnometer method

(zi1) Rapid moisture Tester method.

3.5.1 Oven-drying Method
The most accurate approach is that of oven-drying the soil sample and is adopted in the labo-
ratory.

A clean container of non-corrodible material is taken and its empty weight along-with
the lid is taken. A small quantity of moist soil is placed in the container, the lid is replaced, and
the weight is taken.

The lid is taken removed and the container with the soil is placed in a thermostatically-
controlled oven for 24 hours, the temperature being maintained between 105-110°C. After
drying, the container is cooled in a desiccator, the lid is replaced and the weight is taken. For
weighing a balance with an accuracy of 0.0001 N (0.01 g) is used.

Thus, the observations are:

Weight of an empty container with lid = W,
Weight of container with lid + wet soil = W,
Weight of container with lid + dry soil = W,
The calculations are as follows:

Weight of dry soil = W, — W,

Weight of water in the soil = W, — W,

Wt of water
Wat tent, = ———— x 100%
ater content w Wt of dry soil 8 v
(Wy — W3)
=—=°" x 100% ...(Eq. 3.5)
w W, —W,) o q

Sandy soils need only about four hours of drying, while clays need at least 15 hours. To
ensure complete drying, 24 hours of oven drying is recommended. A temperature of more than
110°C may result in the loss of chemically bound water around clay particles and hence should
not be used. A low value such as 60°C is preferred in the case of organic soils such as peat to
prevent oxidation of the organic matter. If gypsum is suspected to be present in the soil, drying
at 80°C for longer time is preferred to prevent the loss of water of crystallisation of gypsum.

To obtain quick results in the field, sometimes heating on a sand-bath for about one
hour is resorted to instead of oven-drying. This is considered to be a crude method since there
is no temperature control.



36 GEOTECHNICAL ENGINEERING

3.5.2 Pycnometer Method

This method may be used when the specific gravity of solids is known. This is a relatively quick
method and is considered suitable for coarse-grained soils only.
The following are the steps involved:
(i) The weight of the empty pycnometer (Fig. 3.2) with its cap and washer is found
(W)).
(i) The wet soil sample is placed in the pycnometer (upto about 1/4 to 1/3 of the volume)
and its weight is obtained (W,).

(i1) The pycnometer is gradually filled with water, stirring and mixing thoroughly with
a glass rod, such that water comes flush with the hole in the conical cap. The
pycnometer is dried on the outside with a cloth and its weight is obtained (W).

(iv) The pycnometer is emptied and cleaned thoroughly; it is filled with water upto the
hole in the conical cap, and its weight is obtained (W,).

The water content of the soil sample may be calculated as follows:

~ mg—wp(a—g_l
_{UMS_“Q) G x 100% ...(Eq. 3.6)

This can be easily derived from the schematic phase diagrams shown in Fig. 3.4:
If the solids from (iii) are replaced with water, we W, of (iv).

Volume of solids = %

Solids Solids
(a) Empty (b) Pycnometer + wet (c) Pycnometer + wet (d) Pycnometer +
pycnometer wt. W, soil wt. W, soil + water wt. W water wt. W,

Fig. 3.4 Determination of water content

W,
W= Wy W+

1 1
Ws - E = WS - W4
=(W;-W, [G/(G -1)]
Welght of water W  in the soil sample is glven by:

w - (WQ Wl) -
w

w

Water content, = —
w W,
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W2 _Wl - WS (W2 - W]_)
w = = —_

W, W,
(W, —Wy) (G—l)_
T W, -W,) G
W, — W, (G—l)
= | |——|-1|x1 ...(Eq. 3.
w {WS_W‘l G x 100% (Eq. 3.6)

It may be noted that this method is suitable for coarse-grained soils only, since W,
cannot be determined accurately for fine-grained soils.

3.5.3 Rapid Moisture Tester Method

A device known as ‘Rapid Moisture Tester’ has been developed for rapid determination of the
water content of a soil sample. The principle of operation is based on the reaction that occurs
between a carbide reagent and soil moisture. The wet soil sample is placed in a sealed con-
tainer with calcium carbide, and the acetylene gas produced exerts pressure on a sensitive
diaphragm placed at the end of the container. This pressure is correlated to the moisture
content and is calibrated on a dial gauge on the other side of the diaphragm.

However, the reading gives the moisture expressed as a percentage of the wet weight of
the soil. It may be converted to the moisture content expressed as a percentage of the dry
weight by the following relationship:

wr
w= 1-w,) x 100% ...(Eq. 3.7)

where w,_ = moisture content obtained by the rapid moisture tester, expressed as a decimal
fraction.
The method is rapid and results may be got in about ten minutes.

The field kit consists of the moisture tester, a single small pan weighing balance, a
bottle of calcium carbide and a brush.

This method is becoming popular in the filed control of compaction (Chapter 12) where
quick results are imperative.

Even nuclear approaches have been developed for the determination of moisture con-

tent. Sometimes, penetration resistance is calibrated against water content and is determined
by a penetrometer needle. (Chapter 12).

3.6 DENSITY INDEX

Density Index (or relative density according to older terminology) of a soil, I, indicates the
relative compactness of the soil mass. This is used in relation to coarse-grained soils or sands.

In a dense condition, the void ratio is low whereas in a loose condition, the void ratio is
high. Thus, the in-place void ratio may be determined and compared, with the void ratio in the
loosest state or condition and that in the densest state or condition (Fig. 3.5).
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v, Voids ¥
V, Voids }_
% v, Voids
Vs Solids Vs Solids Vs Solids
Loosest state Intermediate state Densest condition
void ratio : e, void ratio : e, void ratio : e,

Fig. 3.5 Relative states of packing of a coarse-grained soil

The density index may be considered zero if the soil is in its loosest state and unity if it
is in the densest state. Consistent with this idea, the density index may be defined as follows:

(emax - eO)

I,= e ...(Eq. 3.8)
where,
e, .x = maximum void ratio or void ratio in the loosest state.
e . = minimum void ratio or void ratio in the densest state.

min

e, = void ratio of the soil mass in the natural state or the condition under question.
e___ande_. are referred to as the limiting void ratios of the soil.
max min

Sometimes I}, is expressed as a percentage also. Equation 3.8 may be recast in terms of
the dry unit weights as follows:

1 1 1 1
I.=|— - = [ ...(Eq. 3.9)
b (Ymin Yo )/(’Ymin ’Ymax)

_ (Ymax)( Yo = Ymin ) (Eq 3.10)
Yo Ymax ~ Y min

These forms are more convenient since the dry unit weights may be determined directly.

However, if it is desired to determine the void ratio in any state, the following relation-
ships may be used:

e= -1 ..(Eq. 3.11)
Ya
V.G.y
=——%*_1 ...(Eq. 3.12
e W (Eq )

S

A knowledge of the specific gravity of soil solids in necessary for this purpose. The deter-
mination of the volume of the soil sample may be a source of error in the case of clay soils;
however, this is not so in the case of granular soils, such as sands, for which alone the concept
of density index is applicable.

The maximum unit weight (or minimum void ratio) may be determined in the labora-
tory by compacting the soil in thin layers in a container of known volume and subsequently
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obtaining the weight of the soil. The compaction is achieved by applying vibration and a
compressive force simultaneously, the latter being sufficient to compact the soil without breaking
individual grains. The extent to which these should be applied depends on experience and
judgement. More efficient packing may be achieved by applying the vibratory force (with the
aid of a vibratory table as specified in IS-2720 (Part XIV)-1983)* in the presence of water;
however this needs a proper drainage arrangement at the base of the cylinder used for the
purpose, and also the application of vacuum to remove both air and water. It should be noted,
however, that it is not possible to obtain a zero volume of void spaces, because of the irregular
size and shape of the soil particles. Practically speaking, there will always be some voids in a
soil mass, irrespective of the efforts (natural or external) at densification.

In the dry method, the mould with the dry soil in it is placed on a vibratory table and
vibrated for 8 minutes at a frequency of 60 vibrations per second, after having placed a stand-
ard surcharge weight on top.

In the wet method, the mould should be filled with wet soil and a sufficient quantity of
water added to allow a small quantity of water to accumulate on the surface. During and just
after filling, it should be vibrated for a total of 6 minutes. Amplitude of vibration may be
reduced during this period to avoid excessive boiling. The mould should be again vibrated for
8 minutes after adding the surcharge weight. Dial gauge readings are recorded on the sur-
charge base plate to facilitate the determination of the final volume.

The wet method should be preferred if it is found to give higher maximum densities
than the dry method; otherwise, the latter may be employed as quicker results are secured by
this approach.

Other details are contained in the relevant Indian Standard, and its revised versions.

The minimum unit-weight (or maximum void ratio) can be determined in the laboratory
by carefully letting the soil flow slowly into the test cylinder through a funnel. Once this task
has been carefully performed, the top surface is struck level with the top of the cylinder by a
straight edge and the weight of the soil of known volume may be found in this state, which is
considered to be the loosest. Oven-dried soil is to be used. Even the slightest disturbance may
cause slight densification, thus affecting the result.

If proper means are available for the determination of the final volume of vibrated sand,
the known weight of sand in the loosest state may itself be used for the determination of the
void ratio in the densest state. In that case the sequence of operations will change.

Thus, it may be understood, that there is some degree of arbitrariness involved in the
determination of the void ratio or unit weight in the densest as well as in the loosest state.

The concept of Density Index is developed somewhat as follows:

Assuming that the sand is in the loosest state:

v

vmax

e =

max V 4

smin

for which the corresponding value of density index is taken as zero.

*1.5.—2720 (Part XIV)-1983 Methods of Test for Soils—Part XIV Determination of Density Index
(Relative Density) for Soils” gives two approaches—the dry method and the wet method for the determi-
nation of the maximum density.
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Assuming that the sand is in the densest state:

 Vimin
BV, e
for which the corresponding value of density index is taken as unity.
It can be understood that the density index is a function of the void ratio:
I, = fle) ...(Eq. 3.13)
This relation between e and I;, may be expressed graphically as follows.

A

N This fact that the
relationship is
linear may be
guessed easily

T-----=--=

Density index, I
Ul—l

O
()] S

v

min

Void ratio, e
Fig. 3.6 Void ratio-density index relationship
It may be seen that:

1
tan 6 = (e —e )
cot0=(e . —e ) ...(Eq. 3.14)
For any intermediate value e,
(€ ax —€p) =1Ip.cot® ...(Eq. 3.15)
_ (epmax —€9)
b= cot 0

Substituting for cot 6 from Eq. 3.14

(e - eo)
I, =—" = ...(Eq. 3.8
b (emax - emin) ( E )
Obviously, ife,=e ., I, =0,
and if eg=e ., I,=1

For vary dense gravelly sand I;, sometimes comes out to be greater than unity. This
would only indicate that the natural packing does not permit itself to be repeated or simulated
in the laboratory.

Representative values of density index and typical range of unit weights are given in
Table 3.2.
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Table 3.2 Representative values of Density Index and typical unit
weights (Mc Carthy, 1977)

Descriptive condition Density index, % Typical range of unit
weight, kN /m?

Loose Less than 35 Less than 14
Medium dense 35 to 65 14 to 17
Dense 65 to 85 17 to 20
Very dense Greater than 85 Above 20

Depending upon the texture, two sands with the same void ratio may display different
abilities for densification; hence the density index gives a better idea of the unit weight than
the void ratio itself.

The density index concept finds application in compaction of granular material, in various
soil vibration problems associated with earth works, pile driving, foundations of machinery,
vibrations transmitted to sandy soils by automobiles and trains, etc. Density index value gives
us an idea, in such cases, whether or not such undesirable consequences can be expected from
engineering operations which might affect structures or foundations due to vibration settlement.

3.7 IN-SITU UNIT WEIGHT

The in-situ unit weight refers to the unit weight of a soil in the undisturbed condition or of a
compacted soil in-place.

Determination of in-situ unit weight is made on borrow-pit soils so as to estimate the
quantity of soil required for placing and compacting a certain fill or embankment. During the
construction of compacted fills, it is standard practice to make in-situ determination of a unit
weight of the soil after it is placed to ensure that the compaction effort has been adequate.

Two important methods for the determination of thein-situ unit weight are being given:

(i) Sand-replacement method.

(1) Core-cutter method.

3.7.1 Sand-replacement Method

The principle of the sand replacement method consists in obtaining the volume of the soil
excavated by filling in the hole in-situ from which it is excavated, with sand, previously cali-
brated for its unit weight, and thereafter determining the weight of the sand required to fill
the hole.

The apparatus® consists of the sand pouring cylinder (Fig. 3.7), tray with a central cir-
cular hole, container for calibration, balance, scoop, etc.

*1S—-2720 (Part XXVIII)-1974 (First revision)-Methods of Test for Soils—Determination of in-
place density by sand-replacement method” contains the complete details of the apparatus and the
recommended procedure in this regard.
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(a) Sand-pouring cylinder (b) Calibrating container
Fig. 3.7 Sand pouring cylinder

The procedure consists of calibration of the cylinder and later, the measurement of the
unit weight of the soil.

(a) Calibration of the Cylinder and Sand: This consists in obtaining the weight of sand
required to fill the pouring cone of the cylinder and the bulk unit weight of the sand. Uni-
formly graded, dry, clean sand is used. The cylinder is filled with sand almost to be top and the
weight of the cylinder with the sand is taken (W,).

The sand is run out of the cylinder into the conical portion by pulling out the shutter.
When no further sand runs out, the shutter is closed. The weight of the cylinder with the
remaining sand is found (W,). The weight of the sand collected in the conical portion may also
be found separately for a check (W), which should be equal to (W, — W,).

The cylinder is placed centrally above the calibrating container such that the bottom of
the conical portion coincides with the top of the container. There sand is allowed to run into
the container as well as the conical portion until both are filled, as indicated by the fact that no
further sand runs out; then the shutter is closed. The weight of the cylinder with the remain-
ing sand is found (W,). The weight of the sand filling the calibrating container (W, ) may be
found by deducting the weight of sand filling the conical portion (W,) from the weight of sand
filling this and the container (W, — W,). Since the volume of the cylindrical calibrating con-
tainer (V) is known precisely from its dimensions, the unit weight of the sand may be ob-
tained by dividing the weight W_, by the volume V. (W, may also be found directly by strik-
ing-off the sand level with the top of the container and weighting it).

The observations and calculations relating to this calibration part of the work will be as
follows:

Initial weight of cylinder + sand = W,
Weight of cylinder + said, after running sand into the conical portion = W,,
Weight of sand occupying conical portion, W, = (W, - W,)
Weight of cylinder + sand, after running sand into the conical portion and calibrating

container = W,

Weight of sand occupying conical portion and calibrating container = (W, — W)
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Weight of sand filling the calibrating container,
W, =W,-W,)-W,
=Wy =Wy - (W, -W,)
=Q2W,-W, -W,)
Volume of the calibrating container =V,
Unit weight of the sand:

cc

(b) Measurement of Unit Weight of the Soil: The site at which the in-situ unit weight is
to be determined is cleaned and levelled. A test hole, about 10 cm diameter and for about the
depth of the calibrating container (15 cm), is made at the site, the excavated soil is collected
and its weight is found (W). The sand pouring cylinder is filled with sand to about 3/4 capacity
and is placed over the hole, after having determined its initial weight with sand (W), and the
sand is allowed to run into it. The shutter is closed when not further movement of sand takes
place. The weight of the cylinder and remaining sand is found (W). The weight of the sand
occupying the test hole and the conical portion will be equal to (W, — W;). The weight of the
sand occupying the test hole, W, will be obtained by deducting the weight of the sand occupying
the conical portion, W, from this value. The volume of the test hole, V, is then got by dividing
the weight, W_, by the unit weight of the sand.

The in-situ unit weight of the soil, v, is then obtained by dividing the weight of the soil,
W, by its volume, V. If the moisture content, w, is also determined, the dry unit weight of the

soil, y,, is obtained as 1 Y 3 Thus, the observations and calculations for this part may be set
+w
out as follows:
Initial weight of cylinder + sand =W,

Weight of cylinder + sand, after running sand into the test hole and the conical portioin
=W,
Weight sand occupying the test hole and the conical portion = (W, — W;)

Weight of sand occupying the test hole, W, = (W, - W,) - W_
=W, =Wy - (W, -W,)

W
Volume of test hole, = Y_S
In-situ unit weight of the soil, =W/V
Dry unit weight, Y, = YA +w),

where, w = water content (fraction).

In an alternative approach, the volume of the test hole may be determined more directly
by inflating a rubber balloon into the hole, making it fit the hole snugly, and reading off the fall
in water level in a graduated Lucite cylinder which is properly connected to the balloon.
3.7.2 Core-cutter Method
The apparatus consists of a mild steel-cutting ring with a dolly to fit its top and a metal rammer.



44 GEOTECHNICAL ENGINEERING

Rammer

e —

Dolly

Cutting
edge

Core-cutter

Fig. 3.8 Core-cutter apparatus

The core-cutter is 10 cm in diameter and 12.5 cm in length. The dolly is 2.5 cm long. The
bottom 1 cm of the ring is sharpened into a cutting edge. The empty weight (W) of the core-
cutter is found. The core-cutter with the dolly is rammed into the soil with the aid of a 14-cm
diameter metal rammer. The ramming is stopped when the top of the dolly reaches almost the
surface of the soil. The soil around the cutter is excavated to remove the cutter and dolly full of
soil, from the ground. The dolly is also removed later, and the soil is carefully trimmed level
with the top and bottom of the core-cutter. The weight of the core-cutter and the soil is found
(W,). The weight of the soil in the core-cutter, W, is then got as (W, — W,). The volume of this
soil is the same as that of the internal volume of the cutter, V, which is known.

The in-situ unit weight of the soil, v, is given by W/ V. If the moisture content, w, is also
found, the dry-unit weight, y,, may be found as v, = y/(1 + w).

This method* is suitable for soft cohesive soils. It cannot be used for stiff clays, sandy
soils and soils containing gravel particles, which could damage the cutting edge.

In an alternative approach, the volume, V, of a clay soil sample which can be trimmed
into a more or less regular-shaped piece, can be obtained by coating it with paraffin and then
immersing it in a graduated jar filled with water. The rise in water level in the jar gives the
volume of the sample together with the paraffin. The volume of the paraffin can be got by
dividing the weight of paraffin by its known unit weight. It can then be subtracted from this to
obtain the volume of the soil sample. The weight of the soil sample, W, would have been ob-
tained earlier before coating it with paraffin. The weight of the paraffin can also be got as the
increase in weight of the sample on coating it with the paraffin. The in-situ unit weight of the
soil may now be got as y= W/V.

*IS: 2720 (Part XXIX)-1975-Methods of Test for Soils—Determination of in-place density by the
core-cutter method” contains the complete details of the apparatus and the recommended procedure in
this regard.
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Paraffin, being water-proof, prevents the entry of water into the soil sample, thus af-
fording a simple means to determine the volume of the sample,

3.8 PARTICLE SIZE DISTRIBUTION (MECHANICAL ANALYSIS)

This classification test determines the range of sizes of particles in the soil and the percentage
of particles in each of these size ranges. This is also called ‘grain-size distribution’; ‘mechanical
analysis’ means the separation of a soil into its different size fractions.*

The particle-size distribution is found in two stages:
(i) Sieve analysis, for the coarse fraction.

(i) Sedimentation analysis or wet analysis, for the fine fraction.

‘Sieving’ is the most direct method for determining particle sizes, but there are practical
lower limits to sieve openings that can be used for soils. This lower limit is approximately at
the smallest size attributed to sand particles (75u or 0.075 mm).

Sieving is a screening process in which coarser fractions of soil are separated by means
of a series of graded mesh. Mechanical analysis is one of the oldest test methods for soils.

3.8.1 Nomenclature of Grain Sizes

Natural soils are mixtures of particles of various sizes and it is necessary to have a nomencla-
ture for the various fractions comprising particles lying between certain specified size limits.
Particle size is customarily expressed in terms of a single diameter. This is taken as the size of
the smallest square hole in a sieve, through which the particle will pass.

The Indian standard nomenclature is as follows:

Gravel 80 mm to 4.75 mm
Sand 4.75 mm to 0.075 mm
Silt 0.075 mm to 0.002 mm
Clay Less than 0.002 mm

3.8.2 Sieve Analysis

Certain sieve sizes have been standardised by certain Standard Organisations such as the
British Standards Organisation (B.S.), American Society for Testing Materials (A.S.T.M.), and
Indian Standards Institution (I.S.I.); the first two, in F.P.S. units and the third, in M.K.S.
units. Sieve designation is specified by the number of openings per inch in the B.S. and A.S.T.M.
standards, while it is specified by the size of the aperture in mm or microns in the I.S. stand-
ard. (IS: 460-1978 Revised).

*Determination of the textural composition of the soil is also known as ‘granulometry’.
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Information with regard to important I.S. Sieves in common use is given in Table 3.3.

Table 3.3 Certain I.S. Sieves and their aperture sizes

Designation Aperture mm Designation Aperture mm
50 mm 50.0 600—p  (60)** 0.600
40 mm 40.0 *500—u 0.500

4251 0.425
20 mm 20.0 *355—1 0.355
300 (30)** 0.300
10 mm 10.0 250-u 0.250
*5.6 mm 5.6 *180-u 0.180
150-u  (15)** 0.150
*4.0 mm 4.0 *125-u 0.125
*2.8 mm 2.8 90— 0.090

240%* 2.36
*2.0 mm 2.0 75-u (8 0.075
*1.4 mm 14 63— 0.063

120%* 1.18
*1.0 mm 1.0 451 0.045

*Proposed as an International Standard (ISO). @ = micron = 0.001 mm.
**0ld I.S. Designations were based on nearest one-hundredths of a mm.

The test procedure for sieve analysis has been standardised by ISI as given in 1S:2720
(Part IV)-1985.

The general procedure may be summerised as follows:

A series of sieves™ having different-size openings are stacked with the larger sizes over
the smaller. A receiver is kept at the bottom and a cover is kept at the top of the assembly. The
soil sample to be tested is dried, clumps are broken if necessary, and the sample is passed
through the series of sieves by shaking. The fractions retained on and passing 2 mm IS Sieve
are tested separately. An automatic sieve-shaker, run by an electric motor, may be used; about
10 to 15 minutes of shaking is considered adequate. Larger particles are caught on the upper
sieves, while the smaller ones filter through to be caught on one of the smaller underlying
sieves.

The material retained on any particular sieve should naturally include that retained on
the sieves on top of it, since the sieves are arranged with the aperture size decreasing from top
to bottom. The weight of material retained on each sieve is converted to a percentage of the

*The sieves may be 600-micron, 212-micron and 75-micron I.S. Sieves. These correspond to the
limits of coarse, medium and fine sand. Other sieves may be introduced depending upon the additional
information desired to be obtained from the analysis.
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total sample. The percentage material finer than a sieve size may be got by subtracting this
from 100. The material passing the bottom-most sieve, which is usually the 75— sieve, is used
for conducting sedimentation analysis for the fine fraction.

If the soil is clayey in nature the fine fraction cannot be easily passed through the 75—u
sieve in the dry condition. In such a case, the material is to be washed through it with water
(preferably mixed with 2 gm of sodium hexametaphosphate per litre), until the wash water is
fairly clean. The material which passes through the sieve is obtained by evaporation. This is
called ‘wet sieve analysis, and may be required in the case of cohesive granular soils’.

Soil grains are not of an equal dimension in all directions. Hence, the size of a sieve
opening will not represent the largest or the smallest dimension of a particle, but some inter-
mediate dimension, if the particle is aligned so that the greatest dimension is perpendicular
to the sieve opening.

The resulting data are conventionally presented as a “Particle-size distribution curve”
(or “Grain-size distribution curve”-the two terms being used synonymously hereafter) plotted
on semi-log co-ordinates, where the sieve size is on a horizontal ‘logarithmic’ scale, and the
percentage by weight of the size smaller than a particular sieve-size is on a vertical ‘arithmetic’
scale. The “reversed” logarithmic scale is only for convenience in presenting coarser to finer
particles from left to right. A typical presentation is shown in Fig. 3.9. (Results may be presented
in tabular form also).

Logarithmic scales for the particle diameter gives a very convenient representation of
the sizes because a wide range of particle diameter can be shown in a single plot; also a different

scale need not be chosen for representing the fine fraction with the same degree of precision as
the coarse fraction.

100

™~

N

(o]
o

N
o

Percent finer by weight ——»
(2]
o
v

20 \\
N

N

0 NN

1098765 4 3 2 198765 4 3 2 0.19876 5 4 3 2 0.01

Sieve size (particle size) mm (log scale) —»
Fig. 3.9 Particle-size distribution curve

The characteristics of grain-size distribution curves will be studied in a later sub-section.
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3.8.3 Sedimentation Analysis (Wet Analysis)

The soil particles less than 75— size can be further analysed for the distribution of the various
grain-sizes of the order of silt and clay be ‘sedimentation analysis’ or ‘wet analysis’. The soil
fraction is kept in suspension in a liquid medium, usually water. The particles descend at
velocities, related to their sizes, among other things.

The analysis is based on ‘Stokes Law’ for what is known as the ‘terminal velocity’ of a
sphere falling through an infinite liquid medium. If a single sphere is allowed to fall in an
infinite liquid medium without interference, its velocity first increases under the influence of
gravity, but soon attains a constant value. This constant velocity, which is maintained indefi-
nitely unless the boundary conditions change, is known as the ‘terminal velocity’. The princi-
ple is obvious; coarser particles tend to settle faster than finer ones.

By Stokes’ law, the terminal velocity of the spherical particle is given by

v=(1/18) . [(y, - y)/u] . D? ...(Eq. 3.16)
which is dimensionally consistent.

Thus, if

Y, = unit weight of the material of falling sphere in g/cm?,
Y, = unit weight of the liquid medium in g/cm?,
1, = viscosity of the liquid medium in g sec/cm?,

and D = diameter of the spherical particle in cm,

v, the terminal velocity, is obtained in cm/s.

In S.I. units,
if y, and v, are expressed in kN/m?,

1, in kN sec/m?,

D in metres,

v will be obtained in m/sec.

Since, usually D is to be expressed in mm, while v is to be expressed in cm/sec, an y_in
N-sec/m?, Eq. 3.15 may be rewritten as follows:

_ 1 -0 D2
180 .

Here vy, and 7, are in kN/m?, u_ in N-sec/m?, and D in mm; v will then be in cm/sec.
Usually, the liquid medium is water; then y, and p will be substituted by v, and u,. Then
Eq. 3.16 will become:

...(Eq. 3.17)

1 (Vs —Yw) pe
=———5 W D ...(Eq. 3.1
V=150 o (Eq. 3.18)

It should be noted thaty, andu, vary with temperature, the latter varying more signifi-
cantly than the former.

Noting thaty, = G.y,,
_ 1 1m@=D p
180 Wy
At 20°C, Y, = 0.9982 g/cm? = 0.9982 x 9.810 kN/m?
=9.792 kN/m?
u, = 0.001 N-sec/m?

...(Eq. 3.19)
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Assuming G = 2.67, on an average,
1 (9.792)2.67-1)
= X 2 = 2
V=150 0.001 .D?=90.85D
v ~ 91D?2 ...(Eq. 3.20)

where D is in mm and v is in cm/sec.

Using the approximate version of Stoke’s law, one can determine the time required for
a particle of a specified diameter to settle through a particular depth; e.g., a particle of 0.06
mm diameter settles through 10 ¢m in about 1/2 minute, while one of 0.002 mm diameter
settles in about 7 hours 38 minutes.

From Eq. 3.19,

1 v
=—— .2 (G-1).D?
v 130 G-1)

w

_[180.p, .v
V7,6 -
If the particle falls through H c¢cm in £ minutes
v = H/60¢ cm/sec.

[ 180u, . H
“\v,(G-1).60t

Sty [H
"y, G-D "\t
D =K.\ [HIt ...(Eq. 3.21)

3Ky,

here = |/
v T0(G-D

...(Eq. 3.22)

Here,
G = grain specific gravity of the soil particles,

Y, = unit weight of water in kN/m? at the particular

u, = viscosity of water in N-sec/m? temperature.
H =fall in cm, and ¢ = time in min.

The factor K can be tabulated or gaphically represented for different values of tempera-
ture and grain specific gravity.

Stokes’ Law is considered valid for particle diameters ranging from 0.2 to 0.0002 mm.

For particle sizes greater than 0.2 mm, turbulent motion is set up and for particle sizes
smaller than 0.002 mm, Brownian motion is set up. In both these cases Stokes’ law is not valid.

The general procedure for sedimentation analysis, which may be performed either with
the aid of a pipette or a hydrometer is as follows:

An appropriate quantity of an oven-dried soil sample, finer than 75— size, is mixed
with a known volume (V) of distilled water in jar. The sample is pretreated with an oxidising
agent and an acid to remove organic matter and calcium compounds. Addition of hydrogen
peroxide an heating would remove organic matter. Treatment with 0.2 N hydrochloric acid
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would remove calcium compounds. Later, a deflocculating or a dispersing agent, such as so-
dium hexameterphosphate is added to the solution. (Further details regarding the prepara-
tion of the sample may be obtained from IS: 2720 (Part IV)-1985 and its revised versions). The
mixture is shaken thoroughly by means of a mechanical stirrer and the test is started, keeping
the jar vertical. The soil particles are assumed to be uniformly distributed throughout the
suspension, at the instant of commencement of the test. After the lapse time ¢, only
those particles which have settled less than depth H would remain in suspension. The size of
the particles, finer than those which have settled to depth H or more at this instant, can be
found from Eqs. 3.21 and 3.22, Hence, sampling at different time intervals (by pipette), or
determining the specific gravity of the suspension (by hydrometer), at this sampling depth,
would provide the means of determining the content of particles of different sizes. (The logic
would become much clearer if all particles are considered to be of the same size). Since, the soil
particles are dispersed uniformly throughout the suspension, and according to Stoke’s law,
particles of the same size settle at the same rate, particles of a given size, wherever they exist,
have the same degree of concentration as at the commencement of the test. As such, particles
smaller than a given size will be present in the same degree of concentration as at the start,
and particles larger than this size would have settled already below the sampling depth, and
hence are not present at that depth. The percentage of particles finer than a specified size may
be got by determining their concentration at that depth at different times either with the aid
of a pipette or of a hydrometer.

The limitations of sedimentation analysis, based on Stokes’ law, or the assumptions are

as follows:

(i) The finer soil particles are never perfectly spherical. Their shape is flake-like or
needle-like. However, the particles are assumed to be spheres, with equivalent
diameters, the basis of equivalence being the attainment of the same terminal velocity
as that in the case of a perfect sphere.

(ii) Stokes’ law is applicable to a sphere falling freely without any interference, in an
infinite liquid medium. The sedimentation analysis is conducted in a one-litre jar,
the depth being finite; the walls of the jar could provide a source of interference to
the free fall of particles near it. The fall of any particle may be affected by the presence
of adjacent particles; thus, the fall may not be really free.

However, it is assumed that the effect of these sources of interference is insignificant
if suspension is prepared with about 50 g of soil per litre of water.

(zi1) All the soil grains may not have the same specific gravity. However, an average
value is considered all right, since the variation may be insignificant in the case of
particles constituting the fine fraction.

(iv) Particles constituting to fine soil fraction may carry surface electric charges, which
have a tendency to create ‘flocs’. Unless these floces are broken, the sizes calculated
may be those of the flocs. Flocs can be a source of erroneous results.

A deflocculating agent, such as sodium silicate, sodium oxalate, or sodium hexa-
metaphosphate, is used to get over this difficulty.
Pipette Analysis

The sedimentation analysis may be conducted with the aid of a pipette in the labora-

tory. A pipette, sedimentation jar, and a number of sampling bottles are necessary for the test.
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A boiling tube of 500 ml capacity kept in a constant temperature bath may also be used in
place of a sedimenation jar. The capacity of the sampling pipette is usually 10 ml.

The method consists in drawing off 10 ml samples of soil suspension by means of the
sampling pipette from a standard depth of 10 cm at various time intervals after the start of
sedimentation. The soil-water suspension should have been prepared as has been mentioned
earlier. The usual total time intervals at which the samples are drawn are 30 s, 1 min., 2 min.,
4 min., 8 min., 5 min., 30 min., 1 h, 2h, and 4 h from the start of sedimentation. The pipette
should be inserted about 20 seconds prior to the chosen instant and the process of sucking
should not take more than 20 seconds. Each of the samples taken is transferred to a sampling
bottle and dried in an oven. The weight of solids, W, in the suspension, finer than a certain
size D, related to the time of sampling, may be found by careful weighing, from the concentra-
tion of these solids in the pipette sample. Let W_be the weight of soil (fine fraction) used in the
suspension of volume V, and W, be the weight of soil particles finer than size D in the entire
suspension. Also, let w, be the weight of solids in the pipette sample of volume V..

Then, by the argument presented in the general procedure for sedimentation analysis,

W
Wy _ W ..(Eq. 3.23)
vV,
W
or W, = 2 V=W, v ...(Eq. 3.24)
Vp Vp

The calculation will be somewhat as follows:
From Equations (3.21) and (3.22), for the known values of H and ¢, we obtain the size D.

Let the weight of solids per ml in the pipette sample be multiplied be multiplied by the
total volume of the suspension; this would give W, as defined in Eq. 3.24.

Percentage of particles finer than the size D, in the fine-fraction, N, is given by:

W
N,= VD x 100 ...(Eq. 3.25)
Substituting for W, from Eq. (3.24),
=\w)\v, x 100 ...(Eqn. 3.26)

This is to be corrected if a dispersing agent is added. If w is the weight of the dispersing
agent added,

(WD—w)
Nf= T X

s
For a combined sieve and sedimentation analysis, if W is the total dry weight of the soil

originally taken, the over-all percentage, N, of particles, finer than D, is given by:

100 ..(Eq. 3.27)

w
N=N,x L ...(Eq. 3.28)
w

where W= Weight of fine soil fraction out of the total weight of a soil sample, W, taken for the
combined sieve and sedimentation analysis.
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The calculations completed for all the samples would provide information for the grain-
size distribution curve.

The pipette analysis, although very simple and direct in principle, is tedious and requires
very sensitive weighing apparatus. Accurate results are rather difficult to obtain. For
this reason, the hydrometer analysis is preferred in the laboratory.

Hydrometer Analysis

The hydrometer method differs from the pipette analysis in that the weights of solids
per ml in the suspension at the chosen depth at chosen instants of time are obtained indirectly
by reading the specific gravity of the soil suspension with the aid of a hydrometer.

Note. The readings may indicate di-
rectly the specific gravity, as shown on
the right; 1 may be subtracted from the
specific gravity and the resulting value
multiplied by 1000 and marked as the
hydrometer reading, as shown on the
left.

Fig. 3.10 Hydrometer

Hydrometer is a device which is used to measure the specific gravity of liquids (Fig. 3.10).
However, for a soil suspension, the particles start settling down right from the start, and
hence the unit weight of the suspension varies from top to bottom.

It can be established that measurement of unit weight of the suspension at a known
depth at a particular time provides a point on the grain-size distribution curve.

Let W be weight of fine soil fraction mixed in water
V be the volume of suspension
Initially, the weight of solids per unit volume of suspension

=W/iv
Volume of solids per unit volume of suspension =
V.G.vy,
. ) w
Volume of water per unit volume of suspension =1-
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Weight of water per unit volume of suspension =7, (1 - GL)
Yw

V.
w
WG
Initial weight of a unit volume of suspension = W +| Y — E)
\%4 VG
Initial unit weight, Y=, + (Gé L g ...(Eq. 3.29)

Let us consider a level XX, at a depth z from the surface and let ¢ be the elapsed time
from the start (Fig. 3.11).

Size D of the particles which have fallen from the surface through the depth z in time ¢
may be got from Eqs. 3.21 and 3.22, by substituting z from H. Above the level XX, no particle of
size greater than D will be present. In an elemental depth dz at this depth z, the suspension
may be considered uniform, since, initially it was uniform, and all particles of the same size
have settled through the same depth in the given time. In this element, particles of the size
smaller than D exist. Let the percentage of weight of these particles to the original weight of
the soil particles in the suspension by N.

Wt of solids per unit volume of the suspension at depth z = (N/100) . (W/V)

By similar reasoning as for Eq. 3.29, the unit weight of the suspension, y,, at depthz and
at time ¢, is given by:

(G-1) N W
L%t o 100V ...(Eq. 3.30)
100G \74
=G-1n LW ...(Eq. 3.31)

Hence, if'y, is obtained by a hydrometer, N can be got, thus getting a point on the grain-
size distribution curve.

In pipette analysis, the sampling depth is kept fixed; however, in the hydrometer analy-
sis, the sampling depth (known as the effective depth) goes on increasing with time since the
particles are allowed to settle. It is, therefore, necessary to calibrate the hydrometer with
respect to the sedimenation jar, with a view to determining the value of the effective depth for
any particular reading of the hydrometer. If the same hydrometer and the same sedimentation
jar are used for a number of tests, one calibration chart will serve the purpose for all the tests.

Soil
|~ .
suspension

Fig. 3.11 Suspension jar
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Calibration
The method of calibration can be easily understood from Fig. 3.12.

Let 2 be the higher of the bulb and H be the height of any reading R, from the top of the
bulb or neck. The jar with a soil suspension is shown in Fig. 3.12 (b); the surface is xx and the
level at which the specific gravity of the suspension is being measured is designated yy, the
depth being H, the effective depth.

As shown in Fig. 3.12 (¢), on immersion of the hydrometer into the suspension in the jar,
the levels xx and yy will rise to x’x” and y’y’ respectively.

M\
A / y y
X — X 5z

Fvia
He H

- h/2

yhooooo ] y ¥ Yor— 1Y V,/2A
L . _

(a) Hydrometer (b) Sedimentation jar before (c) Sedimentation jar after
immersion of hydrometer immersion of hydrometer

Fig. 3.12 Calibration of hydrometer with respect to sedimenation jar

If'V, is the volume of the hydrometer and A is the area of cross-section of the jar containing
the suspension, the rise in the level xx is given by V,/A. The rise in the level yy will be approxi-
mately v,/2A since the effective depth is reckoned to the middle level of the hydrometer bulb.
The level ¥’y correspond to this mid-level, but the soil particles at this level are in the same
concentration as they were at yy, as the level yy has merely risen to y’y’ consequent to the
immersion of the hydrometer in the suspension.

Therefore, on correlating (b) and (¢),

H = H+ﬁ+ﬁ _ Y
2 2A) A
1 1%
or He=H+2( —X) ..(Eq. 3.32)

Thus, the effective depth H, at which the specific gravity is measured depends upon H
and, hence, upon the observed hydrometer reading, R,’. However, A, V,, and A are independ-
ent of R,’, and may be easily obtained with a fair degree of accuracy. A calibration graph
between R,” and H, can be prepared as shown in Fig. 3.13 for use with a particular hydrometer
and a particular suspension jar.
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Fig. 3.13 Calibration graph between hydrometer reading and effective depth

For the first few readings for about 2 minutes, the hydrometer may not go down much
and H, may be taken approximately to be equal (H + //2).

Procedure: The method of preparation of the soil suspension has already been indicated.
The volume of the suspension is 1000 ml in this case. The sedimenation jar is shaken vigorously
and is then kept vertical over a firm base and stopwatch is started simultaneously. The hy-
drometer is slowly inserted in the jar and readings taken at elapsed times 30 s, 1 min and 2
min. The hydrometer is then taken out. Further readings are taken at elapsed times of 4 min,
8 min, 15 min, 30 min, 1 h, 2 h, 4 h, etc., by inserting the hydrometer about 20 seconds prior to
the desired instant. The hydrometer should be stable without oscillations at the time each
reading is taken. Since the soil suspension is opaque, the reading is taken corresponding to the
upper level of the meniscus. The temperature is recorded. For good results, the variation should
not be more than 2° celsius.

Certain corrections are required to be applied to the recorded hydrometer readings be-
fore these could be used for the computation of the unit weight of the suspension.

Corrections to Hydrometer Readings
The following three corrections are necessary:
1. Meniscus correction
2. Temperature correction
3. Deflocculating agent correction.
Meniscus Correction

The reading should be taken at the lower level of the meniscus. However, since the soil suspen-
sion is opaque, the reading is taken at the upper meniscus. Therefore, a correction is required
to be applied to the observed reading. Since the hydrometer readings increase downward on
the stem, the meniscus correction (C,)) is obviously positive.

The magnitude of the correction can be got by placing the hydrometer in distilled water
in the same jar and noting the difference in reading at the top and bottom levels of the meniscus.

Temperature Correction

Hydrometers are usually calibrated at a temperature of 27°C. If the temperature at the time
of conducting the test is different, a correction will be required to be applied to the hydrometer
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reading on this account. For this purpose, the hydrometer is placed in clean distilled water at
different temperatures and a calibration chart prepared for the correction required. If the
temperature at the time of test is more than that of calibration of the hydrometer, the ob-
served reading will be less and the correction (C,) would be positive and vice versa.
Deflocculating Agent Correction

The addition of the deflocculating agent increases the density of the suspension and thus ne-
cessitates a correction (C,;) which is always negative. This is obtained by immersing the hy-
drometer, alternately in clean distilled water and a solution of the deflocculating agent in
water (with the same concentration as is to be used in the test), and noting the difference in
the reading.

A composite correction for all the above may be obtained by noting the hydrometer
readings in a solution of the deflocculating agent at different temperatures. These with reversed
sign give the composite correction.

The corrected hydrometer reading R, may be got from the observed reading R, by ap-
plying the composite correction ‘C’:

R,=R,+C ...(Eq. 3.33)
where c=C,-C,=C,

The next step is to determine the percentage finer of the particles of a specified size
related to any hydrometer reading.

Calculations: After obtaining the corrected hydrometer readings R, at various elapsed
times ¢, and the corresponding effective depths H,, Equations 3.20 and 3.21 may be used (H,
being used for H), to obtain the corresponding particle size. Now Eq. 3.27 may be used as
follows for determining the percent finer than the particle size D:

100 G

= m . ('YZ—'Yw) .VIwW
But vy, = G, v,, where G, = specific gravity of soil suspension
Ry .
=1+ 1000 | - Yo Since R, = 1000(G,, — 1).

_100G.v, R, V_ Gy, V R,

(G-D 1000 W (G- W' 10
Ne Gtu V. By ..(Eq. 3.34)
G-1) W 10
Thus for each hygrometer reading, R,, we obtain a set of values for D and N, fixing one
point on the grain-size distribution curve.

The grain-size distribution may thus be completed by the sedimentation analysis in
conjunction with sieve analysis for the coarse fraction.

3.8.4 Characteristics of Grain-size Distribution Curves

Grain-size distribution curves of soils primarily indicate the type of the soil, the history and
stage of its deposition, and the gradation of the soil, If the soil happens to be predominantly
coarse-grained or predominantly fine-grained, this will be very clearly reflected in the curve.
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Typical grain-size distribution curves are shown Fig. 3.14. A soil is said to be “well-
graded”, if it contains a good representation of various grain-sizes. Curve marked (a) indicates
a well-graded soil. If the soil contains grains of mostly one size, it is said to be “uniform” or
“poorly graded”. Curve marked () indicates a unifrom soil. A soil is said to be “gap-graded”, if
it is deficient in a particular range of particle sizes. Curve marked (c) indicates a gap-graded
soil. A “young residual” soil is indicated by curved marked (d); in course of time, as the particles
get broken, the soil may shown a curve nearing type (a). Curve (e) indicates a soil which is
predominantly coarse-grained, while curve (f) indicates a soil which is predominantly fine-
grained. The more uniform a soil is, the steeper is its grain-size distribution curve.

Coarse=grained fraction Fine-grained fraction
100 Serve analysis Sedimentation analysis
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Fig. 3.14 Typical grain-size distribution curves

River deposits may be well-graded, uniform, or gap-graded, depending upon the veloc-
ity of the water, the volume of suspended solids, and the zone of the river where the deposition
occurred.

Certain properties of granular or coarse-grained soils have been related to particle di-
ameters. Allen Hazen (1892) tried to establish the particular diameter in actual spheres that
would cause the same effect as a given soil, and opined that the diameter for which 10% was
finer would give this equivalence. It may be recalled that the effective diameter of a soil particle
is the diameter of a hypothetical sphere that is assumed to act in the same way as the particle
of an irregular shape, and that data obtained from sedimentation analysis using Stokes’ law
lead to effective diameters, D, of the soil particles. Thus, Allen Hazen’s D, = D,. The effective
diameter is also termed the “Effective Size” of the soil. It is this size that is related to permeability
and capillarity. D,, may be easily determined by reading-off from the grain-size distribution
curve for the soil.

An important property of a granular or coarse-grained soil is its “degree of uniformity”.
The grain-size distribution curve of the soil itself indicates, by its shape, the degree of soil
uniformity. A steeper curve indicates more uniform soil. Because of this, the grain-size distri-
bution curve is also called the ‘uniformity curve’.
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Quantitatively speaking, the uniformity of a soil is defined by its “Coefficient of Uni-
formity” U:
Dy

U=
Dy

...(Eq. 3.35)

where Dy, = 60% finer size.
and D,,=10% finer size, or effective size.
These can be obtained from the grain-size distribution curve as shown in Fig. 3.15.
The soil is said to be very unifrom, if U < 5; it is said to be of medium uniformity, if well-
graded, U =5 to 15; and it is said to be very non-uniform or well-graded, if U > 15.
Another parameter or index which represents the shape of the grain-size distribution
curve is known as the “Coefficient of Curvature”, C , defined as:

(Dgy)?
C,=——"—— ...(Eq. 3.36)
DlO . D60

where D, = 30% finer size.
C, should be 1 to 3 for a well-graded soil.
On the average,
for sands U = 10 to 20,
for silts U=2to4, and
for clays U =10 to 100 (Jumikis, 1962)

3.9 CONSISTENCY OF CLAY SOILS

‘Consistency’ is that property of a material which is manifested by its resistance to flow. In this
sense, consistency of a soil refers to the resistance offered by it against forces that tend to
deform or rupture the soil aggregate; in other words, it represents the relative ease with which
the soil may be deformed. Consistency may also be looked upon as the degree of firmness of a
soil and is often directly related to strength. This is applicable specifically to clay soils and is
generally related to the water content.

Consistency is conventionally described as soft, medium stiff (or medium firm), stiff (or
firm), or hard. These terms are unfortunately relative and may convey different meaning to
different persons. In the case of in-situ or undisturbed clays, it is reasonable and practical to
relate consistency to strength, for purposes of standardisation. (A little more of this aspect will
be studied in one of the later sections).

In the remoulded state, the consistency of a clay soil varies with the water content,
which tends to destroy the cohesion exhibited by the particles of such a soil. As the water
content is reduced from a soil from the stage of almost a suspension, the soil passes through
various states of consistency, as shown in Fig. 3.16. A. Atterberg, a Swedish Soil Scientist, in
1911, formally distinguished the following stages of consistency—liquid, plastic, semi-solid,
and solid. The water contents at which the soil passes from one of these states to the next have
been arbitrarity designated as ‘consistency limits’—Liquid limit, Plastic limit and Shrinkage
limit, in that order. These are called ‘Atterberg limits’ in honour of the originator of the concept.
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Fig. 3.15 Effective size and uniformity coefficient from grain-size distribution curve
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Fig. 3.16 Variation of volume of soil mass with variation of water content

Initially intended for use in agricultural soil science, the concept was later adapted for
engineering use in classification of soils. Although the consistency limits have little direct
meaning in so far as engineering properties of soils are concerned, correlations between these
and engineering properties have been established since then.

‘Plasticity’ of a soil is defined as that property which allows it to be deformed, without
rupture and without elastic rebound, and without a noticeable change in volume. Also, a soil is
said to be in a plastic state when the water content is such that it can change its shape without
producing surface cracks. Plasticity is probably the most conspicuous property of clay.
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3.9.1 Consistency Limits and Indices—Definitions
The consistency limits or Atterberg limits and certain indices related to these may be defined
as follows:
Liquid Limit
‘Liquid limit’ (LL or w, ) is defined as the arbitrary limit of water content at which the soil is
just about to pass from the plastic state into the liquid state. At this limit, the soil possesses a
small value of shear strength, losing its ability to flow as a liquid. In other words, the liquid
limit is the minimum moisture content at which the soil tends to flow as a liquid.
Plastic Limit
‘Plastic limit’ (PL or wp) is the arbitrary limit of water content at which the soil tends to pass
from the plastic state to the semi-solid state of consistency. Thus, this is the minimum water
content at which the change in shape of the soil is accompanied by visible cracks, i.e., when
worked upon, the soil crumbles.
Shrinkage Limit
‘Shrinkage limit’ (SL or w ) is the arbitrary limit of water content at which the soil tends to
pass from the semi-solid to the solid state. It is that water content at which a soil, regardless,
of further drying, remains constant in volume. In other words, it is the maximum water content
at which further reduction in water content will not cause a decrease in volume of the soil
mass, the loss in moisture being mostly compensated by entry of air into the void space. In
fact, it is the lowest water content at which the soil can still be completely saturated. The
change in colour upon drying of the soil, from dark to light also indicates the reaching of
shrinkage limit.

Upon further drying, the soil will be in a partially saturated solid state; and ultimately,
the soil will reach a perfectly dry state.
Plasticity Index

‘Plasticity index’ (PI or I) is the range of water content within which the soil exhibits plastic
properties; that is, it is the difference between liquid and plastic limits.
Pl(orI))=(LL -PL) = (w; - wy) ...(Eq. 3.37)
When the plastic limit cannot be determined, the material is said to be non-plastic (NP).
Plasticity index for sands is zero.

Burmister (1947) classified plastic properties of soils according to their plasticity indices
as follows:
Table 3.4 Plasticity characteristics

Plasticity index Plasticity
0 Non-plastic
1to5 Slight
51t0 10 Low
10 to 20 Medium
20 to 40 High
> 40 Very high
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At the liquid limit the soil grains are separated by water just enough to deprive the soil
mass of shear strength. At the plastic limit the soil moisture does not separate the soil grains,
and has enough surface tension to effect contact between the soil grains, causing the soil mass
to behave as a semi-solid.

For proper evaluation of the plasticity properties of a soil, it has been found desirable to
use both the liquid limit and the plasticity index values. As will be seen in the next chapter,
engineering soil classification systems use these values as a basis for classifying the fine-
grained soils.

Shrinkage Index

‘Shrinkage index’ (ST or ) is defined as the difference between the plastic and shrinkage
limits of a soil; in other words, it is the range of water content within which a soil is in a semi-
solid state of consistency.

SI(orI)=(PL-SL)= w, - w,) ...(Eq. 3.38)
Consistency Index
‘Consistency index’ or ‘Relative consistency’ (CI or I ) is defined as the ratio of the difference
between liquid limit and the natural water content to the plasticity index of a soil:
LL-w) (wp-w)

PI I,

where w = natural water content of the soil (water content of a soil in the undisturbed condi-
tion in the ground).

IfI,=0,w=LL
I.=1,w=PL
I, > 1, the soil is in semi-solid state and is stiff.

Cl(or 1) = ( ...(Eq. 3.39)

I, < 0, the natural water content is greater than LL, and the soil behaves like a liquid.
Liquidity Index
‘Liquidity index (LI or I;)’ or ‘Water-plasticity ratio’ is the ratio of the difference between the
natural water content and the plastic limit to the plasticity index:

(w-PL) w-w,

LI(orI,) = Pl(or I,) = I ...(Eq. 3.40)
If I, =0,w=PL
I, =1,w=LL
I, > 1, the soil is in liquid state.
I, <0, the soil is in semi-solid state and is stiff.
Obviously,
CI+LI=1 ...(Eq. 3.41)

For the purpose of convenience, the consistency of a soil in the field may be stated or
classified as follows on the basis of CI or LI values:
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Table 3.5 Consistency classification

C.I LI Consistency
1.00 to 0.75 0.00 to 0.25 Stiff
0.75 to 0.50 0.25 to 0.50 Medium-soft
0.50 to 0.25 0.50 to 0.75 Soft
0.25 to 0.00 0.75 to 1.00 Very soft

3.9.2 Laboratory Methods for the Determination of Consistency Limits and
Related Indices

The definitions of the consistency limits proposed by Atterberg are not, by themselves, adequate
for the determination of their numerical values in the laboratory, especially in view of the
arbitrary nature of these definitions. In view of this, Arthur Casagrade and others suggested
more practical definitions with special reference to the laboratory devices and methods developed
for the purpose of the determination of the consistency limits.

In this sub-section, the laboratory methods for determination of the liquid limit, plastic
limit, shrinkage limit, and other related concepts and indices will be studied, as standardized
and accepted by the Indian Standard Institution and incorporated in the codes or practice.

Determination of Liquid Limit

The liquid limit is determined in the laboratory with the aid of the standard mechanical liquid
limit device, designed by Arthur Casagrande and adopted by the ISI, as given in IS:2720 (Part
V)-1985. The apparatus required are the mechanical liquid limit device, grooving tool, porce-
lain evaporating dish, flat glass plate, spatula, palette knives, balance, oven wash bottle with
distilled water and containers. The soil sample should pass 425—u IS Sieve. A sample of about
1.20 N should be taken. Two types of grooving tools—Type A (Casagrande type) and Type B
(ASTM type)—are used depending upon the nature of the soil. (Fig. 3.17).

The cam raises the brass cup to a specified height of 1 cm from where the cup drops
upon the block exerting a blow on the latter. The cranking is to be performed at a specified rate
of two rotations per second. The grooving tool is meant to cut a standard groove in the soil
sample just prior to giving blows.

Air-dried soil sample of 1.20 N passing 425-1 1.S. Sieve is taken and is mixed with water
and kneaded for achieving uniformity. The mixing time is specified as 5 to 10 min. by some
authorities. The soil paste is placed in the liquid limit cup, and levelled off with the help of the
spatula. A clean and sharp groove is cut in the middle by means of a grooving tool. The crank
is rotated at about 2 revolutions per second and the number of blows required to make the
halves of the soil pat separated by the groove meet for a length of about 12 mm is counted. The
soil cake before and after the test are shown in Fig. 3.17. The water content is determined from
a small quantity of the soil paste.

This operation is repeated a few more times at different consistencies or moisture contents.
The soil samples should be prepared at such consistencies that the number of blows or shocks
required to close the groove will be less and more than 25. The relationship between the number
of blows and corresponding moisture contents thus obtained are plotted on semi-logarithmic
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graph paper, with the logarithm of the number of blows on the x-axis, and the moisture con-
tents on the y-axis. The graph thus obtained, i.e., the best fit straight line, is referred to as the
‘Flow-graph’ or ‘Flow curve’. (Fig. 3.18).
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(all dimensions are in mm)
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Fig. 3.17 Liquid limit apparatus

The moisture content corresponding to 25 blows from the flow curve is taken as the
liquid limit of the soil. This is the practical definition of this limit with specific reference to the
liquid limit apparatus and the standard procedure recommended. Experience indicates that
such as curve is actually a straight line.

The equation to this straight line will be
Nl
(w2 — wl) = If loglo E (Eq 3.42)

where w, and w, are the water contents corresponding to the number of blows IV, and N, and
I.is the slope of the flow curve, called the ‘flow index’.
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Fig. 3.18 Flow graph

L= (w, - w,)og,, (N,/N,) ...(Eq. 3.43)
If the flow curve is extended such that N, and N, correspond to one log-cycle difference,
I, will be merely the difference of the corresponding water contents.

One-point Method

Attempts have been made to simplify the trial and error procedure of the determination
of liquid limit described above. One such is the ‘One-point method’ which aims at determining
the liquid limit with just one reading of the number of the blows and the corresponding mois-
ture content.

The trial moisture content should be as near the liquid limit as possible. This can be
done with a bit of experience with the concerned soils. For soils with liquid limit between 50
and 120%, the accepted range shall require 20 to 30 drops to close the groove. For soils with
liquid limit less than 50%, a range of 15 to 35 drops is acceptable. At least two consistent
consecutive closures shall be observed before taking the moisture content sample for calculation
of the liquid limit. The test shall always proceed from the drier to the water condition of the
soil. (IS: 2720, Part V-1970).

The water content w,, of the soil of the accepted trial shall be calculated. The liquid limit
w, of the soil shall be calculated by the following relationship.

w; = wy(N/25) ...(Eq. 3.44)
where

N = number of drops required to close the groove at the moisture content w,. Prelimi-
nary work indicates that x = 0.092 for soils with liquid limit less than 50% and x = 0.120 for
soils with liquid limit more than 50%.

Note: The liquid limit should be reported to the nearest whole number. The history of the soil
sample, that is, natural state, air-dried, oven-dried, the method used, the period of soaking should also
be reported.

Cone Penetration Method

This method is based on the principle of static penetration. The apparatus is as ‘Cone
Penetrometer’, consisting of a metallic cone with half angle of 15° 30" £ 15" and 30.5 mm coned
depth (IS: 2720, Part V-1985). It shall be fixed at the end of a metallic rod with a disc at the top
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of the rod so as to have a total sliding weight of (1.48 + 0.005) N. The rod shall pass through two
guides (to ensure vertical movement), fixed to a stand as shown in Fig. 3.19.
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Fig. 3.19 Cone penetrometer

Suitable provision shall be made for clamping the vertical rod at any desired height
above the soil paste in the trough. A trough 50 mm in diameter and 50 mm high internally
shall be provided. The soil sample shall be prepared as in the case of other methods.

In the case of clay soils, it is recommended that the soil shall be kept wet and allowed to
stand for a sufficient time (24 hrs.) to ensure uniform distribution of moisture.

The wet soil paste shall then be transferred to the cylindrical trough of the cone
penetrometer and levelled to the top of the trough. The penetrometer shall be so adjusted that
the cone point just touches the surface of the soil paste in the trough. The penetrometer scale
shall then be adjusted to zero and the vertical rod released so that the cone is allowed to
penetrate into the soil paste under its weight. The penetration shall be noted after 30 seconds
from the release of the cone. If the penetration is less than 20 mm, the wet soil from the trough
shall be taken out and more water added and thoroughly mixed. The test shall then be re-
peated till a penetration between 20 mm and 30 mm is obtained. The exact depth of penetra-
tion between these two values obtained during the test shall be noted. The moisture content of
the corresponding soil paste shall be determined in accordance with IS procedure, referred to
earlier.

The liquid limit of the soil which corresponds to the moisture content of a paste which
would give 25 mm penetration of the cone shall be determined from the following formula:

w, = w, +0.01(25 — )(w, + 15) .(Eq. 3.45)
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where
w; = liquid limit of the soil,
w , = moisture content corresponding to penetration «,
o = depth of penetration of cone in mm.
The liquid limit may also be read out directly from a ready-made monographic chart.

The expression is based on the assumption that, at the liquid limit, the shear strength of
the soil is about 0.176 N/cm? , which the penetrometer gives for a depth of 25 mm under a total
load of 1.48 N.

Determination of Plastic Limit

The apparatus consists of a porcelain evaporating dish, about 12 cm in diameter (or a flat glass
plate, 10 mm thick and about 45 cm square), spatula, about 8 cm long and 2 cm wide (or palette
knives, with the blade about 20 cm long and 3 cm wide, for use with flat glass plate for mixing
soil and water), a ground-glass plate, about 20 x 15 e¢m, for a surface for rolling, balance, oven,
containers, and a rod, 3 mm in diameter and about 10 cm long. (IS: 2720, Part V-1985).

A sample weighing about 0.20 N from the thoroughly mixed portion of the material
passing 4251 IS sieve is to be taken. The soil shall be mixed with water so that the mass
becomes plastic enough to be easily shaped into a ball. The mixing shall be done in an evapo-
rating dish or on the flat glass plate. In the case of clayey soils, sufficient time (24 hrs.) should
be given to ensure uniform distribution of moisture throughout the soil mass. A ball shall be
formed and rolled between the fingers and the glass plate with just enough pressure to roll the
mass into a thread of uniform diameter throughout its length. The rate of rolling shall be
between 80 and 90 strokes per minute, counting a stroke as one complete motion of the hand
forward and back to the starting position again. The rolling shall be done till the threads are of
3 cm diameter. The soil shall then be kneaded together to a uniform mass and rolled again.
This process of alternate rolling an kneading shall be continued until the thread crumbles
under the pressure required for rolling and the soil can no longer be rolled into a thread. At no
time shall attempt be made to produce failure at exactly 3 mm diameter. The crumbling may
occur at a diameter greater than 3 mm; this shall be considered a satisfactory end point, pro-
vided the soil has been rolled into a thread of 3 mm in diameter immediately before. The pieces
of crumbled soil thread shall be collected and the moisture content determined, which is the
‘plastic limit’. The history of the soil sample shall also be reported.

‘Toughness Index’ (1) is defined as the ratio of the plasticity index to the flow index:
I.=-2% ...(Eq. 3.46)

where I = Plasticity index
I, = Flow index.
Determination of Shrinkage Limit

If a saturated soil sample is taken (with water content, a little over the liquid limit) and
allowed to dry up gradually, its volume will go on decreasing till a stage will come after which
the reduction in the water content will not result in further reduction in the total volume of
the sample; the water content corresponding to this stage is known as the shrinkage limit.
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By analysing the conditions of the soil pat at the initial stage, at the stage of shrinkage
limit, and at the completely dry state, one can arrive at an expression for the shrinkage limit
as follows (Fig. 3.20):

== 1%
\Vi W, w, v, T Wy =W,
Solids Solids l A Solids
v v l
(i) Initial stage of soil pat (i) Soil pat at shrinkage limit (i) Dry soil pat
Fig. 3.20 Determination of shrinkage limit
Weight of water initially =(W,-w,)
Loss of water from the initial stage to the
stage of shrinkage limit =(V,-V )y,
Weight of water at shrinkage limit =(W,-W_)—-(V, -V )y,
W -w,)-(V, -V,
Shrinkage limit, w, = {( L @) W( L m)Yw:| x 100% ...(Eq. 3.47)
d
V; = Vv,
or w. = {wi —”} % 100% .(Eq.3.48)
s Wd

where w, = initial water content
V. = initial volume of the soil pat
V,=V, =dry volume of the soil pat

W, = dry weight of the soil sample

This equation suggests a laboratory method for the determination of the shrinkage limit.

The equipment or apparatus consists of a porcelain evaporating dish of about 12 cm
diameter with float bottom, a shrinkage dish of stainless steel with flat bottom, 45 mm in
diameter and 15 mm high, two glass plates, each 75 mm x 75 mm, 3 mm thick—one plain
glass, and the other with three metal prongs, glass cup 50 mm in diameter and 25 mm high,
with its top rim ground smooth and level, straight edge, spatula, oven, mercury desiccator,
balances and sieves. (Fig. 3.21)(IS: 2720, Part VI-1972).

If the test is to be made on an undisturbed sample, it is to be trimmed to a pat about
45 mm in diameter and 15 mm in height. If it is to be conducted on a remoulded sample, about
1 N of a thoroughly mixed portion of the material passing 425-u-IS sieve is to be used.

The procedure is somewhat as follows:

The volume of the shrinkage dish is first determined by filling it with mercury, remov-
ing the excess by pressing a flat glass plate over the top and then weighing the dish filled with
mercury. The weight of the mercury divided by its unit weight (0.136 N/cm?) gives the volume
of the dish which is also the initial volume of the wet soil pat (V). The inside of the dish is
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coated with a thin layer of vaseline. The dish is then filled with the prepared soil paste in
instalments. Gentle tapping is given to the hard surface to eliminate entrapped air. The excess
soil is removed with the aid of a straight edge and any soil adhering to the outside of the dish
is wiped off. The weight of the wet soil pat of known volume is found (W)). The dish is then
placed in an oven and the soil pat is allowed to dry up. The weight of the dry soil pat can be
found by weighing (W ).

Slass plate 75 x 75 x 3 Wet soil Shrinkage Dry soll
Dish —
A )
Before shrinkage After shrinkage
Mer(l:ury Glass plate
30 pitch circle dia. 'J:L / 'J:L with prongs

Ground surface
of top of glass cup

Brass pin secured firmly
3¢p—
V00 I T
T [15 : M displaced
|_| |_| |_| E bye;(c:)lijlrgatlsp ace

Glass plate with prongs Obtaining displaced mercury

Dry soil pa -7/ —Glass cup

All dimensions are in millimetres

Fig. 3.21 Apparatus for determining volume-change in the shrinkage limit test

The glass cup is filled with mercury and excess is removed by pressing the glass plate
with three prongs firmly over the top. The dry soil pat is placed on the surface of the mercury
in the cup and carefully pressed by means of the glass plate with prongs. The weight of the
displaced mercury is found and divided by its unit weight to get the volume of the dry soil pat
(V). The shrinkage limit may then be obtained by Eq. 3.47 or 3.48.

Alternative approach: Shrinkage limit may also be determined by an alternative ap-
proach if the specific gravity of the soil solids has already been determined.

From Fig. 3.20 (ii7),

w, = Sz ;VZSW“’ 100
(-5
= W—Yds x 100
w, = (V;lv—zw = ]/G) x 100 ...(Eq. 3.49)

This may also be written as
w, = [(y,/7,) — 1/G] x 100 ...(Eq. 3.50)
where v, = dry unit weight based on the minimum or dry volume.
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Substituting 1, = (Ciy"; in Eq. 3.46,
+e
_(1+e) 1 e

w —=— ...(Eq. 3.51
s="Gq @ @ (Bq.3.51)
where e is the void ratio of the soil at its minimum volume. (This also indicates that the soil is
still saturated at its minimum volume). Initial wet weight and initial wet volume are not

required in this approach.

Another alternative approach is to determine the weight and volume of the soil pat at a
series of decreasing moisture contents using air-drying (and ultimately oven-drying to obtain
the values in the dry state) and plotting the volume observations against the moisture contents
as follows (Fig. 3.22):

The straight line portion of the curve is produced to meet the horizontal through the
point representing the minimum or dry volume. The water content corresponding to this meeting
point is the shrinkage limit, w_. However, this approach is too laborious.

Volume change of soil pat

W Water content %

S
Fig. 3.22 Water content vs volume soil pat

Approximate Value of G from Shrinkage Limit
The approximate value of G may be got from this test as follows:

w, W,
=G.y,=—F=—-
A2
W,
G=—49
or Vv,
From Fig. 3.20 (i),
W -W
VS - Vi _ ( i d)
Tw
Wa
G = ...(Eq. 3.52)
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Also from Eq. 3.47, if the shrinkage limit is already determined by the first approach,

G = 1 ..(Eq. 3.53)

Yw _ Ws
Yq 100

w, being in per cent.

Shrinkage Ratio (R)

‘Shrinkage ratio’ (R) is defined as the ratio of the volume change expressed as per cent of the
dry volume to the corresponding change in moisture content from the initial value to the shrink-
age limit:

V.-V
r=YiZVa) 100/(w; —w,) ...(Eq. 3.54)
d
w; and w_being expressed as percentage.
(w,-—w,) = T w, X 100 from Fig. 3.20 (i7) and (iii).
d
Substituting in Eq. 3.54,
W Y W
R=—4 =24 -G, 4 =—2% ...(Eq. 3.55)
VaYw  Yw (4 Va

Thus, the shrinkage ratio is also the mass specific gravity of the soil in the dry state.
The test data from shrinkage limit test can be substituted directly either in Eq. 3.54 or
in Eq. 3.55 to obtain the shrinkage ratio.
If the shrinkage limit and shrinkage ratio are obtained, the approximate value of G may
be got as follows:
1

@ = 1R - w,/100]

...(Eq. 3.56)

w, being in per cent.
(Note: This relationship is easily derived by recasting Eq. 3.46 and recognising that R = vy,/y,).
Volumetric Shrinkage (V)

The ‘Volumeter Shrinkage’ (or Volumetric change V) is defined as the decrease in the volume
of a soil mass, expressed as a percentage of the dry volume of the soil mass, when the water
content is reduced from an initial value to the shrinkage limit:

V;-Vv,)
V.= ——% 4100 ..(Eq. 3.57)
s Vd
Obviously, the numerator of Eq. 3.54 is V.
\%
R=—"5
(wi - ws)
or V.=Rw,-w,) ...(Eq. 3.58)

Degree of Shrinkage (S,)
‘Degree of Shrinkage’ (S,) is expressed as the ratio of the difference between initial volume and
final volume of the soil sample to its initial volume.



INDEX PROPERTIES AND CLASSIFICATION TESTS 71

V.-V
S = Vi =Va) x 100 ...(Eq. 3.59)
The only difference between this and the volumetric shrinkage is in the denominator,
which is the initial volume in this case.

Schedig classifies the soil qualitatively based on its degree of shrinkage as following:

Good soil S, <5%
Medium soil S, —5t010%
Poor soil S, —10to 15%
Very poor soil S, >15%

Linear Shrinkage (L)

‘Linear Shrinkage (L) is defined as the decrease in one dimension of the soil mass
expressed as a percentage of the initial dimension, when the water content is reduced from a
given value to the shrinkage limit. This is obtained as follows:

s V., +100
Shrinkage Limit of Undisturbed Soil (w_,)
The shrinkage limit of undisturbed soil speciman is obtained as follows:

L pﬂj X 100 . (Eq. 3.60)

su

v, 1
=|—2 _ _— | x100 ...(Eq. 3.61

where V, and W, are the volume in ml and weight in g, respectively, of the oven-dry soil
specimen.

3.10 ACTIVITY OF CLAYS

The presence of even small amounts of certain clay minerals can have significant effect on the
properties of the soil. The identification of clay minerals requires special techniques and equip-
ment. The techniques include microscopic examination, X-ray diffraction, differential thermal
analysis, optical property determination and electron micrography. Even qualitative identifi-
cation of the various clay minerals is adequate for many engineering purposes. Detailed treat-
ment of clay minerals is considered out of scope of the present text.

An indirect method of obtaining information on the type and effect of clay mineral in a
soil is to relate plasticity to the quantity of clay-size particles. It is known that for a given
amount of clay mineral the plasticity resulting in a soil will vary for the different types of
clays.

‘Activity (A) is defined as the ratio of plasticity index to the percentage of clay-sizes:

I
A=P ...(Eq. 3.62)
C

where c is the percentage of clay sizes, i.e., of particles of size less than 0.002 mm.

Activity can be determined from the results of the standard laboratory tests such as the
wet analysis, liquid limit and plastic limit. Clays containing kaolinite will have relatively low
activity and those containing montmorillonite will have high activity.
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A qualitative classification based on activity is given in Table 3.6:

Table 3.6 Activity classification

Activity Classification
Less than 0.75 Inactive
0.75 to 1.25 Normal
Greater than 1.25 Active

3.11 UNCONFINED COMPRESSION STRENGTH AND SENSITIVITY
OF CLAYS

The unconfined compression strength of a clay soil is obtained by subjecting an unsupported
cylindrical clay sample to axial compressive load, and conducting the test until the sample
fails in shear. The compressive stress at failure, giving due allowance to the reduction in area
of cross-section, is termed the ‘unconfined compression strength’ (g,). In the field, a vane-
shear device or a pocket penetrometer may be used for quick and easy determination of strength
values, which may be related to qualitative terms indicating consistency. (These and other
aspects of strength will be studied in greater detail in Chapter 8).

It has been established that the strength of a clay soil is reacted to its structure. If the
original structure is altered by reworking or remoulding or chemical changes, resulting in
changes in the orientation and arrangement of the particles, the strength or the clay gets
decreased, even without alteration in the water content. (It is known that the strength of a
remoulded clay soil is affected by water content).

‘Sensitivity (S,) of a clay is defined as the ratio of the its unconfined compression strength
in the natural or undisturbed state to that in the remoulded state, without any change in the
water content:

_ g, (undisturbed)

S =
t g,(remoulded)

...(Eq. 3.63)

The classification of clays based on sensitivity, in a qualitative manner, is given in
Table 3.7:

Table 3.7 Sensitivity classification

Sensitivity Classification Remarks
2to4 Normal or less sensitive Honeycomb structure
4to08 Sensitive Honey or flocculent structure
8to 16 Extra-sensitive Flocculent structure
> 16 Quick Unstable
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*3.12 THIXOTROPY OF CLAYS

When clays with a flocculent structure are used in construction, these may lose some strength
as a result of remoulding. With passage of time, however, the strength increases, though not
back to the original value. This phenomenon of strength loss-strength gain, with no change in
volume or water content, is called “Thixotropy’. This may also be said to be “a process of soften-
ing caused by remoulding, followed by a time-dependent return to the original harder state”.

The loss of strength on remoulding is partly due to the permanent destruction of the
structure in the in-situ condition, and partly due to the reorientation of the molecules in the
adsorbed layers. The gain in strength is due to the rehabilition of the molecular structure of
the soil. The strength loss due to destruction of structure cannot be recouped with time.

‘Thixis’ means the tough, the shaking, and ‘4ropo’ means to turn, to change. Thus, thix-
otropy means “to change by touch”; it may also be defined, basically, as a reversible gel-sol-gel
transformation in certain colloidal systems brought about by a mechanical disturbance fol-
lowed by a period of rest.

The loss in strength on remoulding and the extent of strength gain over a period of time
are dependent on the type of clay minerals involved; generally, the clay minerals that absorb
large quantities of water into their lattice structures, such as montmorillonites, experience
greater thixotropic effects than other more stable clay minerals.

For certain construction situations, thixotropy is considered a beneficial phenomenon,
since with passage of time, the earth structure gets harder and presumably safer. However, it
has its problems—handing of materials and equipments may pose difficulties. Thixotropic
influences have affected piles, a type of foundation construction, driven in soils. The distur-
bance may cause temporary loss in strength of the surrounding soil. Driving must be fully
done before thixotropic recovery becomes pronounced. Thixotropic fluids used in drilling op-
erations are called ‘drilling muds’.

3.13 ILLUSTRATIVE EXAMPLES

Example 3.1: In a specific gravity test with pyknometer, the following observed readings are
available:

Weight of the empty pyknometer = 7.50 N

Weight of pyknometer + dry soil = 17.30 N

Weight of pyknometer + dry soil + water filling the remaining volume = 22.45 N

Weight of pyknometer + water = 16.30 N

Determine the specific gravity of the soil solids, ignoring the effect of temperature.

The given weights are designated W, to W, respectively.

Then,

the weight of dry soil solids, W, =W, - W,
=(17.30-7.50) N=9.80 N
The specific gravity of soil solids is given by Eq. 3.1:

G (ignoring the effect of temperature)

T W, - (W - W)
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~ 9.80
"~ 9.80 - (22.45 — 16.30)
T (9.80-16.15)  °

Specific gravity of the soil solids = 2.685.

Example 3.2: In a specific gravity test, the weight of the dry soil taken is 0.66 N. The weight
of the pyknometer filled with this soil and water is 6.756 N. The weight of the pyknometer full
of water is 6.3395 N. The temperature of the test is 30°C. Determine the grain specific gravity,
taking the specific gravity of water at 30°C as 0.99568.

Applying the necessary temperature correction, report the value of G which would be
obtained if the test were conducted at 4°C and also at 27°C. The specific gravity values of
water at 4°C and 27°C are respectively 1 and 0.99654.

Weight of dry soil taken, W =0.66 N
Weight of pyknometer + soil + water (W,) =6.756 N
Weight of pyknometer + Water (W,) =6.3395 N
Temperature of the Test (T) =30°C
Specific gravity of water at 30°C (G,,) =0.99568
By Eq. 3.4,
W, .G,
W, —(Wy - W,)

~ 0.66 x 0.99568
"~ 0.66 — (6.756 — 6.3395)

=2.69876 = 2.70

If the test were conducted at 4°C, G,, =1

w,.1 0.66 x 1
W, — (Wy —W,) 0.66—(6.756 — 6.3395) _

If the tests were conducted at 27°C, G,, = 0.99654

W, x0.99654  0.66 x 0.99654
W, — (W, —W,) 0.66—(6.756 — 6.3395)
= 2.7011 = 2.70.

Example 3.3: In a specific gravity test in which a density bottle and kerosene were used, the
following observations were made:

Weight of empty density bottle = 0.6025 N

Weight of bottle + clay sample = 0.8160 N

Weight of bottle + clay + kerosene filling the remaining volume = 2.5734 N
Weight of bottle + kerosene = 2.4217 N

Temperature of the test = 27°C

G =

2.71

G =
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Specific gravity of kerosene at 27°C = 0.773

Determine the specific gravity of the soil solids.

What will be the value if it has to be reported at 4°C?
Assume the specific gravity of water at 27°C as 0.99654.

Let the weight be designated as W, through W, in that order.
Wt of dry clay sample, W = (W, - W,) =(0.816 — 0.6025) N = 0.2135 N

By Eq. 3.2,
G- W, .G,
W, - (W3 - W)
G, here is given as 0.773.
21 .
G- 0.2135x0.773 967
0.2135-(2.5734 — 2.4217)
If the value has to be reported at 4°C, by Eq. 3.3,
Gr, = G, S0
T, =br, - a,
Ty
Gp=Gyn. — = 20TX1_ g
0.99654 0.99654
Example 3.4: In a specific gravity test, the following observation were made:
Weight of dry soil : 1.04 N
Weight of bottle + soil + water : 5.38 N
Weight of bottle + water : 4.756 N

What is the specific gravity of soil solids. If, while obtaining the weight 5.38 N, 3 ml of
air remained entrapped in the suspension, will the computed value of G be higher or lower
than the correct value? Determine also the percentage error.

Neglect temperature effects.

Neglecting temperature effects, by Eq. 3.1,

w.
G=——"-"——.
W, - (W3 - W,)
It this case, W =1.04 N; W, =5.38; W, = 6.756 N
1.04

G

= 1.04-(.3s—4756 290

If some air is entrapped while the weight W, is taken, the observed value of W, will be
lower than if water occupied this air space. Since W, occurs with a negative sign in Eq. 3.1 in
the denominator, the computed value of G would be lower than the correct value.

Since the air entrapped is given as 3 ml, this space, if occupied by water, would have
enhanced the weight W, by 0.03 N.

1.04 1.040
orrect value o 1.04—(5.41-4.756) 0.386




76

GEOTECHNICAL ENGINEERING

Percentage error

(2.694 — 2.500)

x 100 = 7.2.
2.694

Example 3.5: A pyknometer was used to determine the water content of a sandy soil. The
following observation were obtained:

Weight of empty pyknometer = 8 N

Weight of pyknometer + wet soil sample = 11.60 N

Weight of pyknometer + wet soil + water filling remaining volume = 20 N
Weight of pyknometer + water = 18 N

Specific gravity of soil solids (determined by a separate test) = 2.66
Compute the water content of the soil sample.

The weights may be designated W, through W, in that order,

By Eq. 3.6,
w =
Substituting the values,

w =

[ (W, - W)
(W3 — W,)

() oo

[(11.60 — 8.00) y
| (20-18)

_ﬁ y 1.66
012.0 2.66
(1.1233 - 1) x 100 = 12.33

(2.66-1)
2.66

1} x 100

- 1} x 100

Water content of the soil sample = 12.33%.
Example 3.6: A soil sample with a grain specific gravity of 2.67 was filled in a 1000 ml con-
tainer in the loosest possible state and the dry weight of the sample was found to be 14.75 N. It
was then filled at the densest state obtainable and the weight was found to be 17.70 N. The
void ratio of the soil in the natural state was 0.63. Determine the density index in the natural

state.
G =2.67
Loosest state:
Weight of soil =14.75 N
Volume of solids = 14.75 cm? = 552.4 cm?
0.0267

Volume of voids
Void ratio, e

> “max

Densest state:
Weight of soil

Volume of solids

Void ratio,

min

= (1000 — 552.4) cm? = 447.6 cm3
=447.6/552.4 = 0.810

17.70 N

17.70
0.0267
337.1
662.9

cm? = 662.9 cm?

=0.508
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Void ratio in the natural sate, e = 0.63

Density Index, I.= M

= , by (Eq. 3.8)

(emax - min)
_0.810-0.630 _ 0.180
~0.810-0.508  0.302

- I}, = 59.6%.
Example 3.7: The dry unit weight of a sand sample in the loosest state is 13.34 kN/m3 and in

the densest state, it is 21.19 kN/m3. Determine the density index of this sand when it has a
porosity of 33%. Assume the grain specific gravity as 2.68.

=0.596

Y,.;(loosest state) = 13.34 kN/m?3
Ymaxdensest state) = 21.19 kN/m3
Porosity, n = 33%

Void ratio, e, = 33/67 = 0.49

~(1-n)

G.v, _ 2.68 x9.81 5 5
Yo = (1—ey)  (1+049) kN/m?3 = 17.64 kN/m

Density Index, I, (by Eq. 3.10)
— (Ymax) Y0 — Ymin
(Yo)
~21.19 y (17.64 —13.34) 21.19 _4.30

Ymax ~ Y min

= = X =0.658 = 65.8%
17.64 (21.19-13.34) 17.64 17.85
Alternatively:
G.y 2.68x9.81
o= 1334 =—"""+
Yinin (1- emax) or 1+ emax)
e, =0971
G.y 2.68x9.81
=—"2 2119 = —
tmax 1- emin) o ? 1+ emin)
e . =0.241
(emax — €o)
ID = ﬁ, (by Eq. 3.8)

_ (0.971-0.49) _0.48
~(0.971-0.241) 0.73

Example 3.8: The following data were obtained during an in-situ unit wt determination of an
embankment by the sand-replacement method:

= 56.8%.

Volume of calibrating can = 1000 ml
Weight of empty can =9N
Weight of can + sand =25N

Weight of sand filling the conical portion of the sand-pouring cylinder = 4.5 N



78 GEOTECHNICAL ENGINEERING

Initial weight of sand-pouring cylinder + sand = 54 N

Weight of cylinder + sand, after filling the excavated hole = 41.4 N
Wet weight of excavated soil =9.36 N

In-situ water content =9%

Determine the in-situ unit weight and in-situ dry unit weight.

Sand-replacement method of in-situ unit weight determination:

Weight of sand filling the calibrating can of volume 1000 ml = (25 -9) N =16 N
Unit weight of sand = 16/1000 N/cm? = 0.016 N/cm3

Weight of sand filling the excavated hole

and conical portion of the sand pouring cylinder = (54 —41.4) = 12.60 N

Weight of sand filling the excavated hole =(12.6-4.5)=8.10N
8.10

Volume of the excavated hole = 0.016 cm? = 506.25 cm3
Weight of excavated soil =9.36 N
In-situ unit weight, y =9.36/506.25 N/cm? = 18.15 kKN/m?
Water content, w =9%

18.1
In-situ dry unit weight, y, = ﬁ = ﬁ kN/m? = 16.67 kN/m3.

Example 3.9: A field density test was conducted by core-cutter method and the following data
was obtained:

Weight of empty core-cutter =22.80 N
Weight of soil and core-cutter =50.056 N
Inside diameter of the core-cutter =90.0 mm
Height of core-cutter =180.0 mm
Weight or wet sample for moisture
determination =0.5405 N
Weight of oven-dry sample =0.5112 N
Specific gravity so soil grains =2.72

Determine (a) dry density, (b) void-ratio, and (c) degree of saturation.
(S.V.U.—B.E.(Part-time)—FE—April, 1982)

Weight of soil in the core-cutter (W) = (50.05 — 22.80) = 27.25 N

Volume of core-cutter (V) = (n/4) x 92 x 18 cm? = 1145.11 cm?
27.25

Wet unit weight of soil (y) =W/V= 146 11 N/em? = 23.34 kN/m3

Weight of oven-dry sample =0.5112 N

Weight of moisture =(0.5405 -0.5112) = 0.0293 N

~0.0293
T 05112

Moisture content, w x 100% = 5.73%
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b ) ) y 2334 .
ry unit weight, v, = 1+w) (1+0.0573) kN/m
= 22.075 kN/m?3
Grain specific gravity, G =2.72
G.v, 2.72x9.81
Y= 1te) or 22'075=—(1+e)
whence, the void-ratio, e = 0.21
0.0573 x 2.72
Degree of saturation, S = wG/e =021 - 74.2%.

Example 3.10: A soil sample consists of particles ranging in size from 0.6 mm to 0.02 mm. The
average specific gravity of the particles is 2.66. Determine the time of settlement of the coars-
est and finest of these particles through a depth of 1 metre. Assume the viscosity of water as
0.001 N-sec/m? and the unit weight as 9.8 kN/m3.

By Stokes’ law (Eq. 3.19),
v =(1/180) . (y,/u,) (G - 1)D?
where v = terminal velocity in cm/sec,
Y, = unit weight of water in kN/m?,
u,, = viscosity of water in N-sec/m?,
G = grain specific gravity, and
D = size of particle in mm.

1 9.80
V=g X 0.001 (2.66 — 1)D? = 90D?
For the coarsest particle, D = 0.6 mm
v =90 x (0.6)? cm/sec. = 32.4 cm/sec.
t = h/v = 100.0/32.4 sec. = 3.086 sec.
For the finest particle, D = 0.02 mm.

v = 90(0.02)2 ecm/sec. = 0.036 cm/sec.
¢ = hip = 100.000
0.036

This time of settlement of the coarsest and finest particles through one metre are nearly
4 sec. and 46 min. 18 sec. respectively.

sec. = 2777.78 sec. = 46 min. 17.78 sec.

Example 3.11: In a pipette analysis, 0.5 N of dry soil (fine fraction) of specific gravity 2.72 were
mixed in water to form half a litre of uniform suspension. A pipette of 10 ml capacity was used
to obtain a sample from a depth of 10 cm after 10 minutes from the start of sedimenation. The
weight of solids in the pipette sample was 0.0032 N. Assuming the unit weight of water and
viscosity of water at the temperature of the test as 9.8 kN/m? and 0.001 N-sec/m? respectively,
determine the largest size of the particles remaining at the sampling depth and percentage of
particles finer than this size in the fine soil fraction taken. If the percentage of fine fraction in
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the original soil was 50, what is the percentage of particles finer computed above in the entire
soil sample?

By Egs. 3.21 and 3.22,

D=KyH/t

3u
here K= —% —
v V7. G -1
3x0.001 min
K= [— 2"~  -0.0133
V98x272-1 Sy s

D =0.0133 1[1—8 mm = 0.0133 mm

This is the largest size remaining at the sampling depth.

By Eq. 3.26,
W\ v
— p —_—
N,= (W J[ij x 100

Here Wp =0.0032 N; W_= 0.5 N; V =500 ml; Vp =10 ml.
_0.0032 500

= X—— x 100 = 32
F= 050 <10 X 100=32%

Thus, the percentage of particles finer than 0.0133 mm is 32.

By Eq.3.28, N=N(W./W)

Here Wf/W is given as 0.50.

g N=32x0.50=16

Hence, this percentage is 16, based on the entire sample of soil.
Example 3.12: In a hydrometer analysis, the corrected hydrometer reading in a 1000 ml
uniform soil suspension at the start of sedimentation was 28. After a lapse of 30 minutes, the
corrected hydrometer reading was 12 and the corresponding effective depth 10.5 cm. The spe-
cific gravity of the solids was 2.70. Assuming the viscosity and unit weight of water at the
temperature of the test as 0.001 N-s/m? and 9.8 kN/m? respectively, determine the weight of
solids mixed in the suspension, the effective diameter corresponding to the 30-min. reading
and the percentage of particles finer than this size.

The corrected hydrometer reading initially, B, = 28
¥, = 0.01028 N/cm?

But, by Eq. 3.29,
Y, =7, + [G—1DIGI WV

Substituting,
27-1) w
=0.01+ X ———
0.01028 o7 1000
0.028 x 2.7
whence W= ————— N=0445N

17
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. The weight of solid mixed in the suspension = 0.445 N.
By Egs. 3.21 and 3.22,

D=K|JH/t

31,
3% 0.001 min
o =22 001342
K=\98x@7-1 Y

D =0.01342 1/% mm = 0.00794 mm = 0.008 mm

. The effective diameter corresponding to the 30-min, reading = 0.008 mm

By Eq. 3.34,
Gy, VR
T (G-D'W'10
2.7 1000 12
=—x0.01x X — =
17 0445 10 42.83

.. The percentage of particles finer than 0.008 mm is 43.

Example 3.13: The liquid limit of a clay soil is 56% and its plasticity index is 15%. (a) In what
state of consistency is this material at a water content of 45% ? (b) What is the plastic limit of
the soil ? (¢) The void ratio of this soil at the minimum volume reached on shrinkage, is 0.88.
What is the shrinkage limit, if its grain specific gravity is 2.71 ?

Liquid limit, W, =56%

Plasticity index, I,=15%
I =w, -w, by Eq. 3.37.
15=56 -w,

Whence the plastic limit, w,=(56-15) = 41%
. At a water content of 45%, the soil is in the plastic state of consistency.

Void ratio at minimum volume, e=0.88
Grain specific gravity, G=2171
Since at shrinkage limit, the volume is minimum and the soil is still saturated,
e=wG
or w, =e/G=0.88/2.71 = 32.6%

Shrinkage limit of the soil = 32.5%.

Example 3.14: A soil has a plastic limit of 25% and a plasticity index of 30. If the natural
water content of the soil is 34%, what is the liquidity index and what is the consistency index ?
How do you describe the consistency ?

Plastic limit, w,= 25%
Plasticity index, I,=30
By Eq. 3.37, I =w, -w,
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Liquid limit, wy, =1, +w,=30+25=55%.
By Eq. 3.40,
e g, . (w - wp)
Liquidity index, I = A
p

where w is the natural moisture content.
_ (34 — 25)

Liquidity index, I, 30 - 0.30
By Eq. 3.39,
(wL -w)
Consistency index, I.="7
p
55-34
Consistency index, I.= % =0.70

The consistency of the soil may be described as ‘medium soft’ or ‘medium stiff.

Example 3.15: A fine grained soil is found to have a liquid limit of 90% and a plasticity index
of 50. The natural water content is 28%. Determine the liquidity index and indicate the prob-
able consistency of the natural soil.

Liquid limit, w; =90%

Plasticity index, I,=50

By Eq. 3.37, I =w, -w,

.. Plastic limit, w,=wyp - Ip =90-50=40%

The natural water content, w =28%
Liquidity index, I, , by Eq. 3.40, is given by
I w-w, 28-40__ 12
L= 1, — 50 50 ~
Since the liquidity index is negative, the soil is in the semi-solid state of consistency and
is stiff; this fact can be inferred directly from the observation that the natural moisture con-
tent is less than the plastic limit of the soil.
Example 3.16: A clay sample has void ratio of 0.50 in the dry condition. The grain specific
gravity has been determined as 2.72. What will be the shrinkage limit of this clay ?

—0.24 (negative)

The void ratio in the dry condition also will be the void ratio of the soil even at the
shrinkage limit: but the soil has to be saturated at this limit.

For a saturated soil,

e =wG
or w =elG
w, =e/G = 0.50/2.72 = 18.4%,

Hence the shrinkage limit for this soil is 18.4%.
Example 3.17: The following are the data obtained in a shrinkage limit test:

Initial weight of saturated soil =0.956 N

Initial volume of the saturated soil = 68.5 cm?
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Final dry volume = 24.1 cm3
Final dry weight =0.435 N
Determine the shrinkage limit, the specific gravity of grains, the initial and final dry
unit weight, bulk unit weight, and void ratio. (S.V.U.—B.Tech. (Part-time)—Sept. 1982)
From the data,
(0.956 — 0.435)

iti = x100 =
Initial water content, w; 0.435 119.77%

By Eq. 3.48, the shrinkage limit is given by

vV, -V
w,_ = wi_Td'Yw x 100

(68.5-24.1)
435

S

= [1.1977 - x 0.01} x 100 =17.70%

0.435
Final dry unit weight = YRR N/em? = 17.71 kN/m3

0.956
Initial bulk unit weight = 685 N/em? = 13.70 kN/m?
By Eq. 3.53,

Grain specific gravity = " 1 w, = 7981 1 770N = 2.65
[yd B 100) (17.71) B ( 100 )
Initial dry unit weight = (1&; = +1;O)_'Zg77) = 6.23 kN/m?
Initial void ratio = w,G = 1.1977 x 2.65 = 3.17
Final void ratio = w G = 0.1770 x 2.65 = 0.47.
Example 3.18: The Atterberg limits of a clay soil are: Liquid limit = 75%; Plastic limit = 45%;
and Shrinkage limit = 25%. If a sample of this soil has a volume of 30 cm? at the liquid limit

and a volume 16.6 cm? at the shrinkage limit, determine the specific gravity of solids, shrink-
age ratio, and volumetric shrinkage.

The phase diagrams at liquid limit, shrinkage limit, and in the dry state are shown in
Fig. 3.23:

Solids ////| W, = W, lv Solids w =W, l Solids
S
v AL l

(a) At liquid limit (b) At shrinkage limit (c) Dry state

Fig. 3.23 Phase diagrams of the clay soil (Example 3.18)
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Difference in the volume of water at LL and SL = (30 — 16.6) cm? = 13.4 cm3
Corresponding difference in weight of water = 0.134 N
But this is (0.75 — 0.25) W, or 0.50 W, from Fig. 3.23.
: 0.50 W, = 0.134
W, =0.268 N
Weight of water at SL = 0.25 W, = 0.25 x 0.268 = 0.067 N
Volume of water at SL = 6.7 cm?

Volume of solids, V_ = Total volume at SL — volume of water at SL.
=(16.6 —6.7) cm? = 9.9 cm?.

Weight of solids, W,=0.268 N

0.268

%= g9 N/em? = 0.027 N/em? = 27 kN/m3
2

. Specific gravity of solids = Ys o 2T =271

Yo 981

W, 26.
Shrinkage ratio, R = v:l = % =1.61

Volumetric shrinkage, V. =R(w,-w,) = R(w; —w,), here
=1.61 (75 - 25) = 80.5%.

Example 3.19: The mass specific gravity of a saturated specimen of clay is 1.84 when the
water content is 38%. On oven drying the mass specific gravity falls to 1.70. Determine the
specific gravity of solids and shrinkage limit of the clay.

For a saturated soil,
e=w.G
e=0.38G
Mass specific gravity in the saturated condition
Vet  (G+e) (G+038G)
Ty, (+e (1+038G)
138G
T 1+038G
whence G=21T1
Specific gravity of the solids = 2.71

By Eq. 3.50, the shrinkage limit is given by

Y 1
_ |2 - =x100
ws_(Yd G)

where 7y, = dry unit weight in dry state.
But, 7y, = (mass specific gravity in the dry state) y,,
=170,
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B B PR 100=(i—i)100
=\ 170w @ 170 271
—21.9%

. Shrinkage limit of the clay = 21.9%.

Example 3.20: A saturated soil sample has a volume of 23 c¢m? at liquid limit. The shrinkage
limit and liquid limit are 18% and 45%, respectively. The specific gravity of solids is 2.73.
Determine the minimum volume which can be attained by the soil.

The minimum volume which can be attained by the soil occurs at the shrinkage limit.
The phase diagrams of the soil at shrinkage limit and at liquid limit are shown in Fig. 3.24:

A
T 1 - Water —=| 0.
V =23em' o b X o B
Solids Solids
V, W, =W, V, W, =W,
v 3 s rs rs
(a) At liquid limit (b) At shrinkage limit

Fig. 3.24 Phase diagrams (Example 3.20)

At liquid limit,
Volume of water = 45 W, cm?, if W_ is the weight of solids in N.
) W, W, ~ 1000 .
Volume of solids = Gy, 981x10° 981 W_cm
1000
Total volume = 981 W_+45 W_=23
whence W_ = 0.2818 N
At shrinkage limit,
the volume, V.=V, +018 W,
0.2818
= +18x0.2818 3
- (0.0273 ) o

=15.4 cm3.
Example 3.21: An oven-dry soil sample of volume 225 cm? weighs 3.90 N. If the grain specific
gravity is 2.72, determine the void-ratio and shrinkage limit. What will be the water content
which will fully saturate the sample and also cause an increase in volume equal to 8% of the
original dry volume ?

3.9
Dry unit weight of the oven-dry sample = 995 N/em? = 17.33 kN/m?

G.v,

But Y= 1+e)
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17.33 = 2.72x 10
Q+e)
e =0.57
. Void-ratio = 0.57
Shrinkage limit, w,=e/G=0.57/2.72 = 21%

The conditions at shrinkage limit and final wet state are shown in Fig. 3.25:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Vi :
T T Water o] 0.21 Wy —
Solids Solids
Vs WS = Wd Vs WS = Wd
(a) At shrinkage limit (b) Final wet state

Fig. 3.25 Phase-diagrams of soil (Example 3.21)

TG 00272
Volume in the final wet state, V =(225 + 0.08 x 225) = 243 cm?
Volume of water in the final wet state, =V, =(243 — 143.38) cm? = 99.62 cm?
Weight of water in the final wet state = 0.9962 N

0.9962 9

300 = 5.5%.
Example 3.22: The plastic limit and liquid limit of a soil are 33% and 45% respectively. The
percentage volume change from the liquid limit to the dry state is 36% of the dry volume.
Similarly, the percentage volume change from the plastic limit to the dry state is 24% of the
dry volume. Determine the shrinkage limit and shrinkage ratio.

Water content in the final wet state =

The data are incorporated in Fig. 3.26 for making things clear:
Say, V, is the dry volume.

PB=0.24V,
LC=0.36V,
LD=0.12V,
PD=12%
From the triangles LPD and LSC, which are similar,
PD/SC = LD/LC
12 012V, _1/3
SC 036V,
SC = 36%

Shrinkage limit, w,=w; —(SC) = (45 -36) = 9%
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vV, -V
Shrinkage ratio = Ve =V 100/(w; —w,)
V) s
= (%] 100/(45 — 9) = 36%/36% = 1.00.
d

Volume

v

Ws

Water content

Fig. 3.26 Water content vs volume of soil (Example 3.22)

Example 3.23: The liquid limit and plastic limit of a clay are 100% and 25%, respectively.
From a hydrometer analysis it has been found that the clay soil consists of 50% of particles
smaller than 0.002 mm. Indicate the activity classification of this clay and the probable type of
clay mineral.

Liquid limit, w; =100%
Plastic limit, w, = 25%
Plasticity Index, I =(w,-w,

= (100 — 25)% = 75%
Percentage of clay-size particles = 50

. I,
Activity, =— ...(Eq. 3.62)
c

where c is the percentage of clay-size particles.
- A =175/50 =1.50
Since the activity is greater than 1.25, the clay may be classified as being active.
The probable clay mineral is montmorillonite.

Example 3.24: A clay soil sample has been obtained and tested in its undisturbed condition.
The unconfined compression strength has been obtained as 200 kN/m?2. It is later remoulded
and again tested for its unconfined compression strength, which has been obtained as
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40 kN/m?. Classify the soil with regard to its sensitivity and indicate the possible structure of
the soil.

Unconfined compression strength in the undisturbed state, ¢, = 200 kN/m?
Unconfined compression strength in the remoulded state, g, = 40 kN/m?

Sensitiviy, = =—=5

Since the sensitivity falls between 4 and 8, the soil may be soil to be “sensitive” . The
possible structure of the soil may be ‘honeycombed’ or ‘flocculent’.

SUMMARY OF MAIN POINTS

1. Certain physical properties such as colour, structure, texture, particle shape, grain specific grav-
ity, water content, in-situ unit weight, density index, particle size distribution, consistency lim-
its and related indices are termed index properties, some of which are useful as classification
tests.

2. Grain specific gravity or the specific gravity of soil solids is useful in the determination of many
other quantitative characteristics of soil and is, as such, considered basic to the study of
geotechnical engineering. Water content assumes importance because the presence of water can
significantly alter the engineering behaviour of soil.

3. Density index, which indicates the relative compactness, is an important characteristic of a
coarse grained soil; it has bearing on its engineering behaviour.

4. Grain size analysis is a useful index for textural classification; it consists of sieve analysis appli-
cable to coarse fraction and wet analysis applicable to fine fraction. Stokes’ law is the basis for
wet analysis. Effective size and uniformity coefficient indicate the average grain-size and degree
of gradation.

5. Consistency limits or Atterberg limits provide the main basis for the classification of cohesive
soils; plasticity index indicating the range of water content over which the soil exhibits plastic-
ity, is the most important index.

6. Activity, sensitivity and thixotropy are properties which are typical of cohesive soils.
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QUESTIONS AND PROBLEMS

(i) Degree of sensitivity and degree of saturation. (S.V.U.—B.Tech., (Part-time)—May, 1983)

Sketch typical complete grain-size distribution curves for (i) well graded soil and (i7) uniform
silty sand. Form the curves, determine the uniformity coefficient and effective size in each case.
What qualitative inferences can you draw regarding the engineering properties of each soil ?

(S.V.U.—B.Tech., (Part-Time)—May, 1983)

() flow index, (it) Toughness index, (iii) Liquidity index, (iv) Shrinkage index, (v) Plasticity index,
(vi) Uniformity coefficient (vii) Relative density (Density index), (viii) Sensitivity, (ix) Activity.
(S.V.U.—B.Tech., (Part-time)—Sep., 1982)
Write short notes on the “Methods of determination of Atterberg limits”.
(S.V.U.—B.Tech., (Part-Time)—Apr., 1982)
Write a short note on ‘Relative density’. (S.V.U.—B.Tech., (Part-Time)—dJune, 1982)

(7) Uniformity coefficient, (i) Relative density, (iii) Stokes’ law, (iv) Flow index.
(S.V.U.—B.Tech., (Part-Time)—Apr., 1982)
Write short note on ‘consistency of clayey soils’. (S.V.U.—B.E,, (R.R.)—dJune, 1972)
Define and explain: Liquid limit; Plastic limit; shrinkage limit; and Plasticity index.
Briefly describe the procedure to determine the Liquid Limit of a soil.
(S.V.U—B.E., (R.R.)—Dec., 1977)

7.
8.
Limits.
9.
10.
(Relative Density) for soils.
11.
12,
Core-cutter Method.
13.
14.
Virginia, USA.
15.
3.1 Distinguish Between:
() Silt size and clay size
3.2
3.3 Define the following:
34
3.5
3.6 Define and explain the following:
3.7
3.8
3.9 Distinguish between:

(i) Liquid limit and liquidity index,
(i1) Density and relative density. (S.V.U.—B.E.,(R.R.)—Sept., 1967)
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3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

An oven-dried soil weighing 1.89 N is placed in a pyknometer which is then filled with water.
The total weight of the pyknometer with water and soil is 15.81 N. The pyknometer filled with
water alone weighs 14.62 N. What is the specific gravity of the soil, if the pyknometer is cali-
brated at the temperature of the test ?

In a specific gravity test, 1.17 N of oven-dired soil was taken. The weight of pyknometer, soil and
water was obtained as 6.51 N. The weight of pyknometer full of water alone was 5.80 N. What is
the value of the specific gravity of solids at the temperature of the test ? If, while determining the
weight of pyknometer, soil, and water, 2 cm?® of air got entrapped, what is the correct value of the
specific gravity and what is the percentage of error ?

In order to determine the water content of a wet sand, a sample weighing 4 N was put in a
pyknometer. Water was then poured to fill it and the weight of the pyknometer and its contents
was found to be 22.5 N. The weight of pyknometer with water alone was 20.3 N. The grain
specific gravity of the sand was known to be 2.67. Determine the water content of the sand
sample.

An undisturbed sample of sand has a dry weight of 18.9 N and a volume of 1143 cm?®. The solids
have a specific gravity of 2.72. Laboratory tests indicate void ratios of 0.40 and 0.90 at the maxi-
mum and minimum unit weights, respectively. Determine the density index of the sand sample.
A sand at a borrow pit is determined to have an in-situ dry unit weight of 18.4 kN/m3. Laboratory
tests indicate the maximum and minimum unit weight values of 19.6 kN/m? and 16.32 kN/m3,
respectively. What is the density index of the natural soil ?

The following observations were recorded in a Field density determination by sand-replacement
method:

Volume of Calibrating can = 1000 cm?

Weight of empty can = 10 N

Weight of can + sand = 26.6 N

Weight of sand required to fill the excavated hole = 8.28 N

Weight of excavated soil = 9.90 N

In-situ water content = 10%

Determine the in-situ dry unit weight and the in-situ dry unit weight.

A core-cutter 12.6 cm in height and 10.2 ¢cm in diameter weighs 10.71 N when empty. It is used
to determine the in-situ unit weight of an embankment. The weight of core-cutter full of soil is
29.7 N. If the water content is 6%, what are in-situ dry unit weight and porosity ? If the embank-
ment gets fully saturated due to heavy rains, what will be the increase in water content and bulk
unit weight, if no volume change occurs ? The specific gravity of the soil solids is 2.69.

Using Stokes’ law, determine the time of settlement of a sand particle of 0.2 mm size (specific
gravity 2.67) through a depth of water of 30 cm. The viscosity of water is 0.001 N-sec/m? and unit
weight is 9.80 kN/m?.

In a pipette analysis, 0.5 N of dry soil of the fine fraction was mixed in water to form one litre of
uniform suspension. A pipette of 10 ml capacity was used to obtain a sample from a depth of 10
cm, 40 min. from the start of sedimentation. The weight of solids in the pipette sample was 0.002
N. Determine the co-ordinates of the corresponding point on the grain-size distribution curve.
Assume the grain-specific gravity as 2.70, the viscosity of water as 0.001 N-sec/m?2, and the unit
weight of water as 9.8 kN/m?.

A litre of suspension containing 0.5 N of soil with a specific gravity of 2.70 is prepared for a
hydrometer test. When no temperature correction is considered necessary, what should be the
hydrometer reading if the hydrometer could be immersed and read at the instant sedimentation
begins ?
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3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

In a hydrometer analysis, 0.5 N of soil was mixed in water to form one litre of uniform suspen-
sion. The corrected hydrometer reading after a lapse of 60 min. from the start of sedimentation
was 1.010, and the corresponding effective depth was 10.8 cm. The grain specific gravity was
2.72. Assuming the viscosity of water as 0.001 N-sec/m? and the unit weight of water as
9.8 kN/m?, determine the co-ordinates of the corresponding point on the grain-size distribution
curve.

The liquid limit and plastic limit of a soil are 75% and 33% respectively. What is the plasticity
index ? The void ratio of the soil on oven-drying was found to be 0.63. What is the shrinkage
limit ? Assume grain specific gravity as 2.7.

A piece of clay taken from a sampling tube has a wet weight of 1.553 N and volume of 95.3 cm?®.
After drying in an oven for 24 hours at 105°C, its weight is 1.087 N. The liquid and plastic limits
of the clay are respectively 56.3% and 22.5%. Determine the liquidity index and void ratio of the
sample. Assume the specific gravity of soil particles as 2.75. (S.V.U—B.E., (R.R.)—Nov., 1973)
A completely saturated sample of clay has a volume of 31.25 cm? and a weight of 0.5866 N. The
same sample after drying has a volume of 23.92 ¢m3 and a weight of 0.4281 N. Compute the
porosity of the initial soil sample, specific gravity of the soil grains and shrinkage limit of the
sample. (S.V.U.—Four-year B.Tech.—June, 1982)
In a shrinkage limit test, the following data were obtained:

Initial weight of the saturated soil = 1.928 N

Initial volume of saturated soil = 106.0 cm?

Weight after complete drying = 1.462 N

Volume after complete drying = 77.4 cm?

Determine the shrinkage limit, the specific gravity of soil grains, initial void ratio, bulk unit
weight, and dry unit weight and final void ratio and unit weight.

(S.V.U.—B.Tech., (Part-Time)—April, 1982)
The Atterberg limits of a clay soil are: Liquid limit = 63%, Plastic limit = 40%, and shrinkage
limit = 27%. If a sample of this soil has a volume of 10 cm? at the liquid limit and a volume of 6.4
cm? at the shrinkage limit, determine the specific gravity of solids, shrinkage ratio, and volumet-
ric shrinkage.
A 100 cm3-clay sample has a natural water content of 30%. Its shrinkage limit is 18%. If the
specific gravity of solids is 2.72, what will be the volume of the sample at a water content of
15% ?
The oven-dry weight of a pat of clay is 1.17 N and the weight of mercury displaced by it is 0.855
N. Assuming the specific gravity of solids as 2.71, determine the shrinkage limit and shrinkage
ratio. What will be the water content, at which the volume increase is 10% of the dry volume ?



Chapter 4

IDENTIFICATION AND
CLASSIFICATION OF SolLs

4.1 INTRODUCTION

It has already been stated that certain terms such as ‘Gravel’, ‘Sand’, ‘Silt’ and ‘Clay’ are used
to designate a soil and are based on the average grain-size or particle-size. Most natural soils
are mixtures of two or more of these types, with or without organic matter. The minor compo-
nent of a soil mixture is prefixed as an adjective to the major one—for example, ‘silty sand’,
‘sandy clay’, etc. A soil consisting of approximately equal percentages of sand, silt, and clay is
referred to as ‘Loam’. The differentiation between ‘coarse-grained soils’ and ‘fine-grained soils’
has already been brought out in Chapters 1 and 3.

In this chapter, certain procedures for field identification of the nature of a soil, as well
as certain generalised procedures for classification of a soil with the help of one of the systems
to be dealt with, will be studied in some detail.

4.2 FIELD IDENTIFICATION OF SOILS

Basically, coarse-grained and fine-grained soils are distinguished based on whether the indi-
vidual soil grains can be seen with naked eye or not. Thus, grain-size itself may be adequate to
distinguish between gravel and sand : but silt and clay cannot be distinguished by this tech-
nique.

Field identification of soils becomes easier if one understands how to distinguish gravel
from sand, sand from silt, and silt from clay. The procedures are given briefly hereunder :

Gravel from Sand

Individual soil particles larger than 4.75 mm and smaller than 80 mm are called ‘Gravel’ ; soil
particles ranging in size from 4.75 mm down to 0.075 mm are called ‘Sand’, (Refer IS : 1498-
1970 “Classification and Identification of Soils for General Engineering Purposes”—First Re-
vision). These limits, although arbitrary in nature, have been accepted widely. The shape of
these particles is also important and may be described as angular, sub-angular, rounded, etc.,
as given in Sec. 3.3. Field identification of sand and gravel should also include identification of
mineralogical composition, if possible.

92
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Sand from Silt

Fine sand cannot be easily distinguished from silt by simple visual examination. Silt may look
a little darker in colour. However, it is possible to differentiate between the two by the ‘Disper-
sion Text’. This test consists of pouring a spoonful of sample in a jar of water. If the material is
sand, it will settle down in a minute or two, but, if it is silt, it may take 15 minutes to one hour.
In both these cases, nothing may be left in the suspension ultimately.

Silt from Clay

Microscopic examination of the particles is possible only in the laboratory. In the absence of
one, a few simple tests are performed.

(1) Shaking Test. A part of the material is shaken after placing it in the palm. If it is
silt, water comes to the surface and gives it a shining apearance. If it is kneaded, the moisture
will re-enter the soil and the shine disappears.

If it is clay, the water cannot move easily and hence it continues to look dark. If it is a
mixture of silt and clay, the relative speed with which the shine appears may give a rough
indication of the amount of silt present. This test is also known as ‘dilatancy test’.

(ii) Strength Test. A small briquette of material is prepared and dried. Then one has to
try to break if. It it can be broken easily, the material is silt. If it is clay, it will require effort to
break. Also, one can dust off loose material from the surface of the briquette, if it is silt. When
moist soil is pressed between fingers, clay gives a soapy touch ; it also sticks, dries slowly, and
cannot be dusted off easily.

(ii1) Rolling Test. A thread is attempted to be made out of a moist soil sample with a
diameter of about 3 mm. If the material is silt, it is not possible to make such a thread without
disintegration and crumbling. If it is clay, such a thread can be made even to a length of about
30 cm and supported by its own weight when held at the ends. This is also called the “Tough-
ness test’.

(iv) Dispersion Test. A spoonful of soil is poured in a jar of water. If it is silt, the particles
will settle in about 15 minutes to one hour. If it is clay, it will form a suspension which will
remain as such for hours, and even for days, provided flocculation does not take place.

A few other miscellaneous identification tests are as follows :

Organic Content and Colour

Fresh, wet organic soils usually have a distinctive odour of decomposed organic matter, which
can be easily detected on heating. Another distinctive feature of such soils is the dark colour.

Acid Test

This test, using dilute hydrochloric acid, is primarily for checking the presence of calcium
carbonate. For soils with a high value of dry strength, a strong reaction may indicate the
presence of calcium carbonate as cementing material rather than colloidal clay.

Shine Test

When a lump of dry or slightly moist soil is cut with a knife, a shiny surface is imparted to the

soil if it is a highly plastic clay, while a dull surface may indicate silt or a clay of low plasticity.
Considerable experience is required for field identification of soils. A knowledge of the

geology of the area will be invaluable in this process.
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The identification procedures given above may have bearing on preliminary classifica-
tion of the soil, dealt with in later sections.

4.3 SOIL CLASSIFICATION—THE NEED

Natural soil deposits are never homogeneous in character; wide variations in properties and
behaviour are commonly observed. Deposits that exhibit similar average properties, in gen-
eral, may be grouped together, as a class. Classification of soils is necessary since through it an
approximate, but fairly accurate, idea of the average properties of a soil group or a soil type is
obtainable, which is of great convenience in any routine type of soil engineering project. From
engineering point of view, classification may be made based on the suitability of a soil for use
as a foundation material or as a construction material.

There is, however, some difference of opinion among soil engineers as to the importance
of soil classification and the broad generalisation of the properties of various groups. This is
largely because of different points of view and emanates primarily from the difficulty in form-
ing soil groups in view of very wide variations in engineering properties which are too large in
number. Thus, it is inevitable that in any classification there will be border cases which may
fall into two or more groups. Similarly, the same soil may be placed into groups that appear
radically different under different systems of classification.

In view of this, classification is to be taken merely as a preliminary guide to the engi-
neering behaviour of the soil, which cannot be fully or solely predicted from the classification
alone; certain important soil engineering tests should necessarily be conducted in connection
with the use of soil in any important project, since different properties govern the soil behav-
iour in different situations. The understanding of the engineering behaviour of a soil should be
the more important issue.

4.4 ENGINEERING SOIL CLASSIFICATION—DESIRABLE FEATURES

The general requirements of an ideal and effective system of soil classification are as follows :
(@) The system should have scientific approach.

(b) It should be simple and subjective element in rating the soil should be eliminated as
far as possible.

(¢) A limited number of different groupings should be used, which should be on the basis
of only a few similar properties,

(d) The properties considered should have meaning for the engineering profession.

(e) It should have fair accuracy in indicating the probable performance of a soil under
certain field conditions.

() It should be based on a generally accepted uniform soil terminology so that the clas-
sification is done in commonly well-undestood and well-conversant terms.

(g) It should be such as to permit classification of a soil by simple visual and manual
tests, or at least only by a few simple tests.

(h) The soil group boundaries should be drawn as closely as possible where significant
changes in soil properties are known to occur.
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(@) It should be acceptable to all engineers.

These are rather very ambitious requirements for a soil classification system and can-
not be expected to be met cent per cent by any system, primarily because soil is a complex
material in nature and does not lend itself to a simple classification. Therefore, an engineering
soil classification system is probably satisfactory only for the specific kind of geotechnical en-
gineering project for which it is hopefully developed.

4.5 CLASSIFICATION SYSTEMS—MORE COMMON ONES

A number of systems of classification of soils have been evolved for engineering purposes.
Certain of these have been developed specifically in connection with ascertaining the suitabil-
ity of soil for use in particular soil engineering projects. Some are rather preliminary in char-
acter while a few are relatively more exhausitve, although some degree of arbitrariness is
necessarily inherent in each of the systems.

The more common classification systems, some of which will be dealt with in greater
detail in later sections, are enumerated below :

1. Preliminary Classification by Soil types or Descriptive Classification.

2. Geological Classification or Classification by Origin.

3. Classification by Structure.

4. Grain-size Classification or Textural Classification.

5. Unified Soil Classification System.

6. Indian Standard Soil Classification System.

4.5.1 Preliminary Classification by Soil Types or Descriptive Classification

Familiarity with common soil types is necessary for an understanding of the fundamentals of
soil behaviour. In this approach, soils are described by designations such as ‘Boulders’, ‘Gravel’,
‘Sand’, ‘Silt’, ‘Clay’, ‘Rockflour’, ‘Peat’, ‘China Clay’, ‘Fill’, ‘Bentonite’, ‘Black Cotton Soils’, ‘Boulder
Clay’, ‘Caliche’, ‘Hardpan’, ‘Laterite’, ‘Loam’, ‘Loess’, ‘Marl’, ‘Moorum’, ‘Topsoil’, and ‘Varved
Clay’. All of these except the first nine have already been described in Chapter 1.

Boulders, gravel and sand belong to the category of coarse-grained soils, distinguished
primarily, by the particle-size; these do not exhibit the property of cohesion, and so may be
said to be ‘cohesionless’ or ‘non-cohesive’ soils. The sizes are in the decreasing order.

‘Silt’ refers to a soil with particle-sizes finer than sand. If it is inorganic in nature, it is
called ‘Rock flour’ and it is non-plastic, generally. It may exhibit slight plasticity when wet and
slight compressibility if the particle shape is plate-like. Organic silts contain certain amounts
of fine decomposed organic matter, are dark in colour, have peculiar odour, and exhibit some
degree of plasticity and compressibility.

‘Clay’ cosists of soil particles smaller than 0.002 mm in size and exhibit plasticity and
cohesion over a fairly large range of moisture contents. They may be called ‘lean clays’ or ‘fat
clays’ depending on the degree of plasticity. These are basically secondary products of
weathering, produced by prolonged action of water on silicate minerals; three of the major clay
minerals are ‘Kaolinite’, ‘Illite’ and ‘Montmorillonite’, Organic variety of clay, called ‘Peat’,
containing partially carbonised organic matter, is recognised by its dark colour, odour of decay,
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fibrous, nature, very low specific gravity (0.5 to 0.8), and very high compressibility and ranks
lowest as a foundation material.

‘China clay’, also called ‘Kaolin’ is a pure white clay, used in the ceramic industry.

All man-made deposits ranging from rock dumps to sand and gravel fills are termed
‘Fill’; thus, fills may consist of every imaginable material.

4.5.2 Geological Classification or Classification by Origin

Soils may be classified on the basis of their geological origin. The origin of a soil may refer
either to its constituents or to the agencies responsible for its present state.

Based on constituents, soils may be classified as :
1. Inorganic soils

. .1.. | Plant life
2. Organic soils { Animal life
Based on the agencies responsible for their present state, soils may be classified as :
1. Residual soils

2. Transported soils

(a) Alluvial or sedimentary soils (transported by water)
(b) Aeolian soils (transported by wind)
(c) Glacial soils (transported by glaciers)
(d) Lacustrine soils (deposited in lakes)

(e) Marine soils (deposited in seas)

These have been dealt with in Chapter 1.

Over the geologic cycle, soils are formed by disintegration and weathering of rocks.
These are again reformed by compaction and cementation by heat and pressure.

4.5.3 Classification by Structure
Depending upon the average grain-size and the conditions under which soils are formed and
deposited in their natural state, they may be categorised on the basis of their structure, as :
1. Soils of single-grained strcture
2. Soils of honey-comb structure
3. Soils of flocculent structure
These have also been treated in detail in Chapter 1.

4.5.4 Grain-size or Textural Classifications

In the grain-size classifications, soils are designated according to the grain-size or particle-
size. Terms such as gravel, sand, silt and clay are used to indicate certain ranges of grain-
sizes. Since natural soils are mixtures of all particle-sizes, it is preferable to call these frac-
tions as ‘Sand size’, ‘Silt size’, etc. A number of grain-size classifications have been evolved, but
the commonly used ones are :

1. U.S. Bureau of Soils and Public Roads Administration (PRA) System of U.S.A.

2. International classification, proposed at the International Soil Congress at Washing-
ton, D.C., in 1927.
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3. Massachusetts Institute of Technology (MIT) System of Classification of U.S.A.
4. Indian Standard Classification (IS : 1498-1970).
These are shown diagrammatically (Fig. 4.1).
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Fig. 4.1 Grain-size classifications

A soil classification system purely based on grain-size is called a ‘“Textural classifica-
tion’. One such is the U.S. Bureau of Soils and P.R.A. Classification depicted by a “Triangular
chart’ (Fig. 4.2), which ignores the fraction coarser than sand:

Any soil with the three constituents—sand, silt and clay—can be represented by one
point on the Triangular chart. For example, a soil with 25% sand, 25% silt and 50% clay will be
represented by the point ‘S’, obtained by the dotted lines, as shown by the arrows. Certain
zones on the chart are marked to represent certain soils such as sand, silt, clay, sandy clay,
silty clay, loam, sandy loam, etc. These have been marked rather arbitrarily. (‘Loam’ is prima-
rily an agricultural term).

Textural or grain-size classifications are inadequate primarily because plasticity
charateristics—consistency limits and indices—do not find any place in these classifications.
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0 10 40 50 60 70 80 90 100
Silt % —»

Fig. 4.2 Bureau of soils triangular chart for textural classification

4.5.5 Unified Soil Classification System

The Unified soil classification system was originally developed by A. Casagrande and adopted
by the U.S. Corps of Engineers in 1942 as ‘Airfield Classification’. It was later revised for
universal use and redesignated as the “Unified Soil Classification” in 1957.

In this system (Table 4.1), soils are classified into three broad categories :
1. Coarse-grained soils with up to 50% passing No. 200 ASTM Sieve

(No. 75-u IS Sieve)
2. Fine-grained soils with more than 50% passing No. 200 ASTM Sieve

(No. 75-u IS Sieve)
3. Organic soils

The first two categories can be distinguished by their plasticity characteristics. The
third can be easily identified by its colour, odour and fibrous nature.

Each soil component is assigned a symbol as follows :

Gravels: G Silt: M (from the Swedish Organic: O
word ‘Mo’ for silt

Sand: S Clay: C Peat: Pt

Coarse-grained soils are further subdivided into well-graded (W) and poorly graded (P)
varieties, depending upon the Uniformity coefficient, (C,) and coefficient of Curvature (C,):

Well-graded gravel, C,>4
Well-graded sand, C,>6
Well-graded soil, C,=1to3

Note that C,, is the same as U defined in Eq. 3.35.
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Fine-grained soils are subdivided into those with low plasticity (L), with liquid limit less
than 50%, and those with high plasticity (H), with liquid limits more than 50%. Dilatancy, dry
strength and toughness tests are to be used for filed identification.

The plasticity chart devised by Casagrande is used for identification of finegrained soils
(Fig. 4.3).

80 Toughness and dry strength increase
70 Permeability & volume change f
decrease y
. . v
Comparing soils at equal w, ¢ 3
60 Toughness and dry strength decrease x\ve’ /’1,
Permeability & vol. change increase v rbk v
A
« 50 . Q-
_aé CH e
Z A
2%
Q
8 30 i
e cL | MH & OH
20 ; ]
I I
CLIML | i
10 f
y : ML & |
I OL |i
O I I

10 20 30 40 50 60 70 80 90 100 110 120
Liquid limit —»

Fig. 4.3 Plasticity chart (unified soil classification)

4.5.6 Indian Standard Soil Classification System

IS: 1498-1970 describes the Indian Standard on Classification and Identification of Soils for
general engineering purposes (first revision). Significant provisions of this system are given
below :

Soils shall be broadly divided into three divisions :

1. Coarse-grained Soils: More than 50% of the total material by weight is larger than 75-
u IS Sieve size.

2. Fine-grained Soils: More than 50% of the total material by weight is smaller than 75-
u IS Sieve size.

3. Highly Organic Soils and Other Miscellaneous Soil Materials: These soils contain
large percentages of fibrous organic matter, such as peat, and particles of decomposed vegeta-
tion. In addition, certain soils containing shells, concretions, cinders and other non-soil mate-
rials in sufficient quantities are also grouped in this division.

Coarse-grained soils shall be divided into two sub-divisions :

(a) Gravels: More than 50% of coarse fraction (+ 75 ) is larger than 4.75 mm IS Sieve
size.

(b) Sands: More than 50% of Coarse fraction (+ 75 n) is smaller than 4.75 mm IS Sieve
size.
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Fine-grained soils shall be divided into three sub-divisions:
(a) Silts and clays of low compressibility : Liquid limit less than 35% (L.).

(b) Silts and clays of medium compressibility : Liquid limit greater than 35% and less
than 50% (1).

(c) Silts and clays of high compressibility: Liquid limit greater than 50 (H).

The coarse-grained soils shall be further sub-divided into eight basic soil groups, and
the fine-grained soils into nine basic soil groups; highly organic soils and other miscellaneous
soil materials shall be placed in one group. The various subdivisions, groups and group sym-
bols are set out in Table 4.2.

Boundary Classification for Coarse-grained Soils

Coarse-grained soils with 5% to 12% fines are considered as border-line cases between clean
and dirty gravels or sands as, for example, GW-GC, or SP-SM. Similarly, border-line cases
might occur in dirty gravels and dirty sands, where I is between 4 and 7, as for example, GM-
GC or SM-SC. It is, therefore, possible to have a border line case of a border line case. The rule
for correct classification in such cases is to favour the non-plastic classification. For example, a
gravel with 10% fines, a C,, of 20, a C, of 2.0, and Ip of 6 would be classified GW—GM rather
than GW—GC.

Classification Criteria for Fine-grained Soils

The plasticity chart (Fig. 4.4) forms the basis for the classification of fine-grained soils, based
on the laboratory tests. Organic silts and clays are distinguished from inorganic soils which
have the same position on the plasticity chart, by odour and colour. In case of any doubt, the
material may be oven-dried, remixed with water and retested for liquid limit. The plasticity of
fine-grained organic soils is considerably reduced on oven-drying. Oven-drying also affects the
liquid limit of inorganic soils, but only to a small extent. A reduction in liquid limit after oven-
drying to a value less than three-fourth of the liquid limit before oven-drying is positive iden-
tification of organic soils.
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Fig. 4.4 Plasticity chart (I.S. soil classification)
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Boundary Classification for Fine-grained Soils

The fine-grained soils whose plot on the plasticity chart falls on, or practically on A-line, w, =
35-lines, w, = 50 and lines shall be assigned the proper boundary classification. Soils which
plot above the A-line, or practically on it, and which have a plasticity index between 4 and 7
are classified ML—CL.

Black Cotton Soils
These are inorganic clays of medium to high compressibility. These are characterised by high
shrinkage and swelling properties. When plotted on the plasticity chart, these lie mostly along
a band above A-line. Some may lie below the A-line also. ‘Kaolin’ behaves as inorganic silt and
usually lies below A-line; thus, it shall be classified as such (ML, MI, MH), although it is clay
from the mineralogical standpoint.

The classification procedures for coarse-grained soils and for fine-grained soils, using
this system, may be set out in the form of flow diagrams as shown in Figs. 4.5 and 4.6.

Relative Suitability for General Engineering Purposes

The characteristics of the various soil groups pertinent to roads and airfields value as subgrade,
sub-base and base material, compressibility and expansion, drainage characteristics, and
compaction equipment (in qualitative terms), ranges of unit dry weight. CBR value percent,
and sub-grade modulus—are also tabulated.

Characteristics pertinent to embankments and foundations—value as embankment
material, compaction characteristics, value as foundation material, requirements for seepage
control (in qualitative terms), ranges of permeability and unit dry weight—are also tabulated.

Characteristics pertinent to suitability for canal sections—compressibility, workability
as a construction material and shearing strength when compacted and saturated are also
given in relative or qualitative terms.

This information is supposed to serve the purpose of a guideline or an indication of the
suitability of a soil based on the I.S. Classification System. Important and large projects will
need detailed investigation of the soil behaviour—first-hand. A comparison between IS Classi-
fication and Unified Classification shows many points of similarity but only a few points of
difference, especially in classifying fine-grained soils.

4.6 ILLUSTRATIVE EXAMPLES

Example 4.1: Two soils S, and S, are tested in the laboratory for the consistency limits. The
data available is as follows :

Soil S, Soil S,
Plastic limit, w, 18% 20%
Liquid limit, w, 38% 60%
Flow index, I i 10 5
Natural moisture content, w 40% 50%

(a) Which soil is more plastic ?
(b) Which soil is better foundation material when remoulded ?



GEOTECHNICAL ENGINEERING

106

T o

S|I0S paurelB-asieod Jo UoNeIIISSE|d 1o} Leyd mold G "6i14

]

1eyo Auonseld

1eyo Auonseld

wreyo Auonserd

]

ueyo Aonserd ueyo Alonserd

1reyo Auonseld

U1 8uoz paydley | | Jo suoz payorey | [uo suoz payorey| | pspeid | | papeid ul 8U0Z paydrey | | jo duoz paydley | (Uo duoz paydley | | papeld papeib
® QUl|-Y aA0QY urlold snwi 10 aul|-Y Mol|ag Allood 119M % 9Ul|-Y @A0QY ur1oid suwi 10 aull-Y Mol|ag Allood 1ET
uonoelj sASIS S| sonsualoereys Aonseld pue uonoel SnSIS S| sofsualoereyd Alonseld pue
-ggy snuiw uo Buipeib o ayendoidde ‘joquiAs anINd azis-uresb ri-Ggy snuiw uo Buipeib oy eyendoidde ‘|oquiAs anINnod azis-urelh
Q\s pue m uny 9|gnop aAey 0} ‘aul| Japiog aujwexy Q>> pue Im uny 3|qnop aAey 0] aul| Jjsplog aulwexy
anals g| M-g, ssed anals s| M-g, ssed anals s| M-, ssed anals g| M-/ anals g| M-g, ssed anals | M-g2

ssed 942T uey) alop

%CT ® %S Usamiag

%G UeU) SSa7]

ssed 94ZT ueyl alo

%cCT ® %G Usamiag

ssed 945G ueyl SS9

uonoely 8SI1e09 JO

aAdIS S| Ww G/ ssed uonoely

%0S Uey) 210N

(s) anvs

sisAjeue anals uny

aAals sI M-G/ ssed SS9 10 %05
STI0S dANIVYD-ASHVYOD

aA3IS S| WW G/ i UO paurelal
uoioel} asie0d JO 950G ueyl aloN
(9) 13AVED




107

IDENTIFICATION AND CLASSIFICATION OF SOILS

S|l0S paurelB-aul) Jo UoNRIIISSE[D 10} Leyd MO|H 91 “Bi4

[o]

d

1eyo Alonsed
uo aul|-y anoqy

uo aull-y mojeg

uo aull-y aroqy

uo aull-y mojag

U1 8uoz payoley
pue aull-y aA0qY

Quo0z paydrey
urjod sywi

[HO | [HIW | [10 | [10 | [ | [10] [1o-n| [10] [ ]|
_ oluebio _ _o_:m?o:__ _ auebio _ _u_cmm_oc__ _ oluebliQ _ _u_cmmhoc__
J10S AIp-UaA0 uo [10S AIp-UBAO UO j10s A1p-usno uo
'm pue m Aqissod 9m pue m Aiqissod I pue Tm Aqissod
‘INOpo INoj0D ‘JNopo Inoj0D ‘JNOpo IN0j0D
Ve Anonserd ey Aionserd ey Aonserd weyod Aonsed | [1reyo Anonserd ui| [1reyo Anonserd ul

au0z payorey 1o
aull-y mojog

0G ueys Jayealb ywij pinbi

H

0G %® GE UsaMIag Nwil| pinbi]

I

[euarew
n-Ggz snuiw uo

aA3IS G|

9 pue m uny

anals G| 1-G/ ssed 040G ueyl 210N
STIOS d3ANIVYO-3INIL

1

GE uey) ssa| Nwi| pinbr




108 GEOTECHNICAL ENGINEERING

(c) Which soil has better strength as a function of water content ?
(d) Which soil has better strength at the plastic limit ?
(e) Could organic material be present in these soils ?

Plot the positions of these soils on the Casagrande’s plasticity chart and try to classify
them as per IS Classification.

(a) Plasticity index, I, for soil ) = w; —wp = (38 - 18) = 20

Ip for soil S, =w,; —wp = (60 — 20) = 40

Obviously, Soil S, is the more plastic.

As per Burmister’s classification of the degree of plasticity, S, borders between low-to-
medium plasticity and S, between medium-to-high plasticity.

(b) Consistency index,
(wp —w) _ (38-40)

I, 20

I, for soil S, = (602500 _ 95
40
Since the consistency index for soil S, is negative it will become a slurry on remoulding;
therefore, soil S, is likely to be a better foundation material on remoulding.
(c) Flow index, If for soil S; = 10
Iffor soil S, =5
Since the flow index for so0il S,, is smaller than that for S,, soil S, has better strength as
a function of water content.
(d) Toughness index, Ipforsoil S, =1 /1.=20/10 = 2
I for soil S, = 40/5 = 8
Since toughness index is greater for soil S,, it has a better strength at plastic
limit. (e) Since the plasticity indices are low for both the soils, the probability of the presence of
organic material is small.

I, for soil S, = -0.1

These conclusions may be mostly confirmed from the following:
The soils are marked on Casagrande’s plasticity chart as shown in Fig. 4.7.

60 |
50 —
Q)
82 CH P“Qe@ /q’
>
40 &— ‘%
T w, =50 X?//
S 30 w =35
! S, Cl
20 —®
CL i MH or OH
10 ,
CL—ML i MLor
0 2 o]
10 20 30 40 50 60 70 80 90 100
W, —»

Fig. 4.7 Plasticity chart, soils S, and S, plotted (Example 4.1)
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S, and S, are respectively in the zone of CI and CH (inorganic clays of medium and high
plasticity).
Example 4.2: A soil sample has a liquid limit of 20% and plastic limit of 12%. The following
data are also available from sieve analysis:

Sieve size % passing
2.032 mm 100
0.422 mm 85
0.075 mm 38

Classify the soil approximately according to Unified Classification or IS Classifiction.
(S.V.U.—Four year B. Tech.—June, 1982)

Since more than 50% of the material is larger than 75-u size, the soil is a coarse-grained
one.

100% material passes 2.032 mm sieve; the material,passing 0.075 mm sieve is also in-
cluded in this. Since this latter fraction any way passes this sieve, a 100% of coarse fraction
also passes this sieve.

Since more than 50% of coarse fraction is passing this sieve, it is classified as a sand.
(This will be the same as the per cent passing 4.75 mm sieve).

Since more than 12% of the material passes the 75-u sieve, it must be SM or SC.
Now it can be seen that the plasticity index, I,is (20 - 12) = 8, which is greater than 7.

Also, if the values ofw, and I}, are plotted on the plasticity chart, the point falls above A-
line.

Hence the soil is to be classified as SC, as per IS classification.

Even according to Unified Classification System, this will be classified as SC, which
may be checked easily.

SUMMARY OF MAIN POINTS

1. Certain generalised procedures have been evolved for identification of soils in the laboratory
and in the field, and for classification of soils. The need for classification arises from the fact that
natural soil deposits vary widely in their properties and engineering behaviour.

2. The requirements or desirable features of an engineerging soil classification system are so ambi-
tious that it is almost impossible to evolve an ideal system satisfying all of these.

3. Preliminary classification procedures include descriptive and geological classifications, and also
classification by structure.

4. Textural classifications are used as part of the more systematic and exhaustive systems such as
the Unified Soil Classification.

5. The Indian Standard Soil Classification bears many similarities to the Unified Soil Classifica-
tion although there are a few points of difference, especially with regard to the classification of
fine-grained soils.

6. Grain-size is the primary criterion for the classification of coarse-grained soils, while plasticity
characteristics, incorporated in the plasticity chart, are the primary criterion for the classifica-
tion of fine-grained soils.
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QUESTIONS AND PROBLEMS
4.1 (a) Four soil samples collected from a borrow area, to form a low earth dam, are classified as
GW, CL, SC and SM. What is your inference ?
(b) The following data relate to five soil samples.
LL (%) 25 45 50 60 80
PL (%) 15 23 25 35 36
Plot these on Casagrande’s A-line chart and classify the soils.
(S.V.U.—B.Tech. (Part-time)—May, 1983)

4.2 The following data refer to a sample of soil:

Percent passing 4.75 mm IS Sieve =64
Percent passing 75-u IS Sieve =6
Uniformity Coefficient =75
Coefficient of Curvature =27
Plasticity index =25
Classify the soil.

4.3 A certain soil has 99% by weight finer than 1 mm, 80% finer than 0.1 mm, 25% finer than 0.01
mm, 8% finer than 0.001 mm. Sketch the grain-size distribution curve and determine the per-
centage of sand, silt and clay fractions as per IS nomenclature. Determine Hazen’s effective size
and uniformity coefficient.

4.4 (a) Write a brief note on Textural classification.

(b) Sketch neatly the Casagrande’s plasticity chart indicating various aspects. How would you
use it in classifying the fine grained soils ? Give a couple of examples. How would you differ-
entiate between organic and inorganic soils ? (S.V.U.—B.Tech., (Part-Time)—Sept., 1982)
4.5 (a) Bring out the salient aspects of Indian Standard Classification System.

(b) Write a brief note on the Textural classification.
(c) How would you distinguish if a material is:
(z) GW or GP or GM or GC
(Zi) SW or SP or SM or SC (S.V.U.—B. Tech., (Part-time)—April, 1982)
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4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Describe in detail the Indian System of soil classification. When would you use dual symbols for
soils ? (S.V.U.—Four year B. Tech.—June, 1982)

(a) Draw neatly the IS plasticity chart and label the symbol of various soils.

(b) What are the limitations of any soil classification system ?

(c) Explain the following tests with their significance.

(i) Dilatancy, (i1) Thread Test, (ii1) Dry Strength Test.

(S.V.U.—B. Tech., (Part-time)—April, 1982)

(a) Why is classification of soils required ?

(b) What are common classification tests ?

(c) How do you classify a soil by the 1.S. Classification system ?

(d) How would you differentiate between SC and SF soils
(S.V.U.—B. Tech., (Part-time)—June, 1982)

(Hint. The symbol ‘F’ was used in the older versions of the Unified classification, i.e., in the
Airfield classification, to denote ‘Fines’. Thus, SF and GF were used in place of SM and GM).

What physical properties of soil distinguish between cohesive and cohesionless soils ? Also ex-
plain the principle of sub-dividing cohesive and cohesionless deposits for the purpose of soil
classification. (S.V.U.—B. E,, (R.R.)—May, 1975)

(a) Describe the U.S. Bureau of Soils Textural classification.
(b) Describe field identification tests to distinguish between clay and silt.
(S.V.U.—B.E., (R.R.)—November, 1994)

(a) Explain why soils are classified and outline the salient features of Casagrande’s airfield
classification. (S.V.U—B.E., (R.R.)—November, 1973)

(Hint. Casagrande’s airfield classification was developed earlier and formed the basis for the
Unified Classification. Symbols SF and GF were used in place of SM and GM, which were intro-
duced later.)

(a) State the various classification systems of soils for general engineering purposes.
(b) Briefly describe the “Unified Soil Classification”, (S.V.U.—B.E,, (R.R.)—Dec., 1971)
(a) Describe the method of field identification of soils.
(b) How do you use the A-line to distinguish between various types of clays ?
(S.V.U—B.E., (N.R.)—May, 1969)

How do you distinguish between clay and silt in the field ? State the purpose of identification and
classification of soils. List any three important engineering classification systems and describe
one in detail, clearly bringing out its limitations. (S.V.U.—B.E., (N.R.)—Sept, 1967)



Chapter 5

SoiL. MoISTURE—PERMEABILITY
AND CAPILLARITY

5.1 INTRODUCTION

Natural soil deposits invariably include water. Under certain conditions soil moisture or water
in the soil is not stationary but is capable of moving through the soil. Movement of water
through soil affects the properties and behaviour of the soil, rather in a significant way. Con-
struction operations and the performance of completed construction could be influenced by soil
water. Ground water is frequently encountered during construction operations; the manner in
which movement of water through soil can occur and its effects are, therefore, of considerable
interest in the practice of geotechnical engineering.

5.2 SOIL MOISTURE AND MODES OF OCCURRENCE

Water present in the void spaces of a soil mass is called ‘Soil water’. Specifically, the term ‘soil
moisture’ is used to denote that part of the sub-surface water which occupies the voids in the
soil above the ground water table.

Soil water may be in the forms of ‘free water’ or ‘gravitational water’ and ‘held water’,
broadly speaking. The first type is free to move through the pore space of the soil mass under
the influence of gravity; the second type is that which is held in the proximity of the surface of
the soil grains by certain forces of attraction.

5.2.1 Gravitational Water

‘Gravitational water’ is the water in excess of the moisture that can be retained by the soil. It
translocates as a liquid and can be drained by the gravitational force. It is capable of transmit-
ting hydraulic pressure.

Gravitational water can be subdivided into (a) free water (bulk water) and (b) Capillary
water. Free water may be further distinguished as (i) Free surface water and (ii) Ground
water.

(a) Free water (bulk water). It has the usual properties of liquid water. It moves at all
times under the influence of gravity, or because of a difference in hydrostatic pressure head.

112
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(i) Free surface water. Free surface water may be from precipitation, run-off, flood-
water, melting snow, water from certain hydraulic operations. It is of interest when it comes
into contact with a structure or when it influences the ground water in any manner.

Rainfall and run-off are erosive agents which are capable of washing away soil and
causing certain problems of strength and stability in the field of geotechnical engineering.
The properties of free surface water correspond to those of ordinary water.

(ii) Ground water. Ground water is that water which fills up the voids in the soil up to
the ground water table and translocates through them. It fills coherently and completely all
voids. In such a case, the soil is said to be saturated. Ground water obeys the laws of hydrau-
lics. The upper surface of the zone of full saturation of the soil, at which the ground water is
subjected to atmospheric pressure, is called the ‘Ground water table’. The elevation of the
ground water table at a given point is called the ‘Ground water level’.

(b) Capillary water. Water which is in a suspended condition, held by the forces of
surface tension within the interstices and pores of capillary size in the soil, is called ‘capillary
water’. The phenomenon of ‘Capillarity’ will be studied in some detail in a later section.

5.2.2 Held Water

‘Held water’ is that water which is held in soil pores or void spaces because of certain forces of
attraction. It can be further classified as (a) Structural water and (b) Absorbed water. Some-
times, even ‘capillary water’ may be said to belong to this category of held water since the
action of capillary forces will be required to come into play in this case.

(a) Structural water. Water that is chemically combined as a part of the crystal struc-
ture of the mineral of the soil grains is called ‘Structural water’. Under the loading encoun-
tered in geotechnical engineering, this water cannot be separated by any means. Even drying
at 105° — 110°C does not affect it. Hence structural water is considered as part and parcel of
the soil grains.

(b) Adsorbed water. This comprises, (i) hygroscopic moisture and (i7) film moisture.

(i) Hygroscopic moisture. Soils which appear quite dry contain, nevertheless, very thin
films of moisture around the mineral grains, called ‘hygroscopic moisture’, which is also termed
‘contact moisture’ or ‘surface bound moisture’. This form of moisture is in a dense state, and
surrounds the surfaces of the individual soil grains as a very thin film. The soil particles derive
their hygroscopic moisture not only from water but also from the atmospheric air by the physi-
cal force of attraction of unsatisfied ionic bonds on their surfaces. The weight of an oven-dried
sample, when exposed to atmosphere, will increase up to a limit, depending upon its maxi-
mum hygroscopicity, which, in turn, depends upon the temperature and relative humidity of
air, and the characteristics of the soil grains. Coarse-grained soils have relatively low hygroscopic
moisture due to their low ‘specific surface’, or surface area per unit volume. The average
hygroscopicity of sands, silts and clays is 1%, 7% and 17% respectively ; the high value for
clays is because of the very small grain-size and consequent high specific surface. The thick-
ness of the absorbed layer may vary from 200A for silts to 30 A for clays (1 A = 107 mm). The
hygroscopic moisture film is known to be bound rigidly to the soil grains with an immense
force—up to about 10,000 Atmospheres. The nearer the hygroscopic soil moisture is attracted
to the surface of the soil grain, the more it is densified. These physical forces are now estab-
lished to be electro-chemical in nature.
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Hygroscopic moisture is affected neither by gravity nor by capillary forces and would
not move in the liquid form. It cannot be evaporated ordinarily. However, hygroscopic mois-
ture can be removed by oven-drying at 105° — 110°C. Moisture in this form has properties
which differ considerably from those of liquid water—Hygroscopic moisture has greater den-
sity, higher boiling point, greater viscosity, greater surface tension, and a much lower freezing
point than ordinary water.

Hygroscopic moisture has a pronounced effect on the cohesion and plasticity character-
istics of a clayey soil ; it also affects the test results of grain specific gravity of the soil. This is
because the volume of the displaced water is too low by the amount of hygroscopic moisture,
thus leading to higher values of specific gravity than the correct value. (The error could range
from 4% to 8% depending upon the hygroscopicity).

(ii) Film moisture. Film moisture forms on the soil grains because of the condensation
of aqueous vapour ; this is attached to the surface of the soil particle as a film upon the layer of
the hygroscopic moisture film. This film moisture is also held by molecular forces of high in-
tensity but not as high as in the case of the hygroscopic moisture film. Migration of film mois-
ture can be induced by the application of an external energy potential such as thermal or
electric potential ; the migration will then be from points of higher temperature/higher poten-
tial to points of lower temperature/lower potential. Film moisture does not transmit external
hydrostatic pressure. It migrates rather slowly. The greater the specific surface of the soil, the
more is the film moisture that can be contained. When the film moisture corresponds to the
maximum molecular moisture capacity of the soil, the soil possesses its maximum cohension
and stability.

5.3 NEUTRAL AND EFFECTIVE PRESSURES

As a prerequisite, let us see something about “Geostatic Stresses”.

5.3.1 Geostatic Stresses

Stresses within a soil mass are caused by external loads applied to the soil and also by the self-
weight of the soil. The pattern of stresses caused by external loads is usually very compli-
cated ; the pattern of stresses caused by the self-weight of the soil also can be complicated. But,
there is one common situation in which the self-weight of the soil gives rise to a very simple
pattern of stresses—that is, when the ground surface is horizontal and the nature of the soil
does not vary significantly in the horizontal directions. This situation exists frequently in the
case of sedimentary deposits. The stresses in such a situation are referred to as ‘Geostatic
Stresses’.

Further, in this situation, there can be no shear stresses upon vertical and horizontal
planes within the soil mass. Therefore, the vertical geostatic stress may be computed simply
by considering the weight of the soil above that depth.

If the unit weight of the soil is constant with depth,

c,=72 ...(Eq.5.1)
where ¢, = vertical geostatic stress
v = unit weight of soil

z = depth under consideration
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The vertical geostatic stress, thus, varies linearly with depth in this case (Fig. 5.1).

» G

\

v
z

Fig. 5.1 Vertical geostatic stress in soil with horizontal surface

However, it is known that the unit weight of soil is seldom constant with depth. Usually
a soil becomes denser with depth owing to the compression caused by the geostatic stresses. If
the unit weight of soil varies continuously with depth, 6, can be evaluated by means of the
integral :

"y
o,= | v-dz (Eq.5.2)

If the soil is stratified, with different unit weights for each stratum, 6, may be computed
conveniently by summation :

o, =2y Az ...(Eq. 5.3)

5.3.2 Effective and Neutral Pressures

The total stress, either due to self-weight of the soil or due to external applied forces or due to
both, at any point inside a soil mass is resisted by the soil grains as also by water present in the
pores or void spaces in the case of a saturated soil. (By ‘stress’ here, we mean the macroscopic
stress, i.e., force/total area ; the ‘contact stresses’ at the grain-to-grain contacts will be very
high owing to a very small area of contact in relation to the area of cross-section and these are
not relevant to this context).

‘Neutral stress’ is defined as the stress carried by the pore water and it is the same in all
directions when, there is static equilibrium since water cannot take static shear stress. This is
also called ‘pore water pressure’ and is designated by «. This will be equal toy, .z at a depthz
below the water table :

U=y, z ...(Eq.5.4)

‘Effective stress’ is defined as the difference between the total stress and the neutral
stress ; this is also referred to as the intergranular pressure and is denoted by :

G=0-u ...(Eq. 5.5)
Equation 5.5 is the ‘Effective Stress Equation’.

The effective stress has influence in decreasing the void ratio of the soil and in mobilis-
ing the shear strength, while the neutral stress does not have any influence on the void ratio
and is ineffective in mobilising the shearing strength.
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Thus the ‘Effective Stress Principle’ may be stated as follows :
(1) The effective stress is equal to the total stress minus the pore pressure.

(ii) The effective stress controls certain aspects of soil behaviour, notably compressibility
and shear strength.

[Note. Latest research on the effective stress concept indicates that the effective stress
equation has to be modified in the case of saturated clays and highly plastic,
dispersed systems such as montmorillonite by introducing the term (R — A),
where R is related to the repulsive forces between adjacent clay particles due to
electrical charges and A is related to Van der Waals’ attractive forces between
these particles. Similarly, Bishopet al. (1960) proposed a different effective stress
equation for partially saturated soils. However, these concepts are of an ad-
vanced nature and are outside the scope of the present work.]

For a situation where the water table is at the ground surface, the conditions of stress at
a depth from the surface will be as follows :
0 =Yy ? ...(Eq. 5.6)
u=vy, -z ...(Eq.5.4)
By Eq. 5.5,
6=(0C—-u =7, 2-7,2=2Y —7,)
Since (v, —7,) = 7', the submerged unit weight,
G =7z ...(Eq.5.7)
Therefore, the effective stress is computed with the value of the buoyant or effective
unit weight.

5.4 FLOW OF WATER THROUGH SOIL-PERMEABILITY

It is necessary for a Civil Engineer to study the principles of fluid flow and the flow of water
through soil in order to solve problems involving, — (a) The rate at which water flows through
soil (for example, the determination of rate of leakage through an earth dam) ; (b) Compres-
sion (for example, the determination of the rate of settlement of a foundation ; and (c¢) Strength
(for example, the evaluation of factors of safety of an embankment). The emphasis in this
discussion is on the influence of the fluid on the soil through which it is flowing ; in particular
on the effective stress.

Soil, being a particulate material, has many void spaces between the grains because of
the irregular shape of the individual particles; thus, soil deposits are porous media. In general,
all voids in soils are connected to neighbouring voids. Isolated voids are impossible in an as-
semblage of spheres, regardless of the type of packing; thus, it is hard to imagine isolated voids
in coarse soils such as gravels, sands, and even silts. As clays consist of plate-shaped particles,
a small percentage of isolated voids would seem possible. Modern methods of identification
such as electron micrography suggest that even in clays all voids are interconnected.

Water can flow through the pore spaces in the soil and the soil is considered to be ‘per-
meable’ ; thus, the property of a porous medium such as soil by virtue of which water (or other
fluids) can flow through it is called its ‘permeability’. While all soils are permeable to a greater
or a smaller degree, certain clays are more or less impermeable’ for all practical purposes.
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Permeability is one of the most important of soil properties. The path of flow from one point to
another is considered to be a straight one, on a macroscopic scale and the velocity of flow is
considered uniform at an effective value ; this path, in a microscopic scale, is invariably a
tortuous and erratic one because of the random arrangement of soil particles, and the velocity
of flow may vary considerably from point to point depending upon the size of the pore and
other factors.

According to fundamental hydraulics flowing water may assume either of two charac-
teristic states of motion—the ‘laminar flow’ and the ‘turbulent flow’. In laminar flow each
particle travels along a definite path which never crosses the path of other particles; while, in
turbulent flow the paths are irregular and twisting, crossing and recrossing at random. Osborne
Reynolds, from his classic experiments on flow through pipes, established a lower limit of
velocity at which the flow changes from laminar to a turbulent one; it is called the ‘lower
critical velocity’. In laminar flow, the resistance to flow is primarily due to the viscosity of
water and the boundary conditions are not of much significance; in turbulent flow, however,
the boundary conditions have a major influence and the effect of viscosity is insignificant.

The lower critical velocityv, is governed by a dimensionless number, known as Reynold’s
number :

R="72 ...(Eq. 5.8)
)
or R= v-Dyy ...(Eq.5.9)
u-g
where R = Reynold’s number
v = Velocity of flow
D = Diameter of pipe/pore
v = Kinematic viscosity of water
Y,, = Unit weight of water
U = Viscosity of water, and
g = Acceleration due to gravity.
Reynolds found that v, is governed by :
R =22 _ 9000 ..(Eq. 5.10)

It is difficult to study the conditions of flow in an individual soil pore; only average
conditions existing at any cross-section in a soil mass can be studied. Since pores of most soils
are small, flow through them is invariably ‘laminar’ ; however, in the case of soils coarser than
coarse sand, the flow may be turbulent. (Assuming uniform particle size, laminar flow may be
considered to occur up to an equivalent particle diameter of 0.5 mm).

5.4.1 Darcy’s Law
H. Darcy of France performed a classical experiment in 1856, using a set-up similar to that
shown in Fig. 5.2, in order to study the properties of the flow of water through a sand filter bed.
By measuring the value of the rate of flow or discharge, g for various values of the
length of the sample, L, and pressure of water at top and bottom the sample, 2, and 4,, Darcy
found that g was proportional to (h, — h,)/L or the hydraulic gradient, i :
q=k[(hy—h,)/L] x A =F.iA ...(Eq.5.11)
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where
q = the rate of flow or discharge
k = a constant, now known as Darcy’s coefficient of permeability

h, = the height above datum which the water rose in a standpipe inserted at the en-
trance of the sand bed,

h, = the height above datum which the water rose in a stand pipe inserted at the exit
end of the sand bed.

L = the length of the sample.
A = the area of cross-section of the sand bed normal to the general direction of flow.
i = (hy — hy)/L, the hydraulic gradient.

Qin

Area of cross section —

Yout

Datum

vy

Fig. 5.2 Darcy’s Experiment

Equation 5.11 is known as Darcy’s law and is valid for laminar flow. It is of utmost
importance in geotechnical engineering in view of the its wide range of applicability.

Later researchers have established the validity of Darcy’s law for most types of fluid
flow in soils ; Darcy’s law becomes invalid only for liquid flow at high velocity or gas flow at
very low or at very high velocity.

Darcy’s coefficient of permeability provides a quantitative means of comparison for esti-
mating the facility with which water flows through different soils.

It can be seen that £ has the dimensions of velocity; it can also be looked upon as the
velocity of flow for a unit hydraulic gradient. % is also referred to as the ‘coefficient of perme-
ability’ or simply ‘permeability’.

5.4.2 Validity of Darcy’s Law
Reynolds found a lower limit of critical velocity for transition of the flow from laminar to a
turbulent one, as already given by Eq. 5.10.

Many researchers have attempted to use Reynolds’ concept to determine the upper limit
of the validity of Darcy’s law. (Muskat, 1946; Scheidegger, 1957). The values of R for which
the flow in porous media become turbulent have been measured as low as 0.1 and as high as
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75. According to Scheidegger, the probable reason that porous media do not exhibit a definite
critical Reynold’s number is because soil can be no means be accurately represented as a bun-
dle of straight tubes. He further discussed several reasons why flow through very small open-
ings may not follow Darcy’s law.

There is overwhelming evidence which shows that Darcy’s law holds in silts as well as
medium sands and also for a steady state flow through clays. For soils more pervious than
medium sand, the actual relationship between the hydraulic gradient and velocity should be
obtained only through experiments for the particular soil and void ratio under study.

5.4.3 Superficial Velocity and Seepage Velocity

Darcy’s law represents the macroscopic equivalent of Navier-Stokes’ equations of motion for
viscous flow.

Equation 5.11 can be rewritten as :

% =ki. =v ..(Eq. 5.12)

Since A is the total area of cross-section of the soil, same as the

open area of the tube above the soil, v is the average velocity of down-

ward movement of a drop of water. This velocity is numerically equal

to ki ; therefore £ can be interpreted as the ‘approach velocity’ or ‘su-

perficial velocity’ for unit hydraulic gradient. A drop of water flows at

a faster rate through the soil than this approach velocity because the

average area of flow channel through the soil is reduced owing to the

presence of soil grains. This reduced flow channel may be schematically
represented as shown in Fig. 5.3.
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By the principle of continuity, the velocity of approach, v, may
be related to the seepage velocity or average effective velocity of flow,  Fig. 5.3 Flow channel
v, as follow :

q=A.v=A .0,
where A = area of cross-section of voids

v.=v A—v AL =v
T, T AL
v, =v/n = kiln ...(Eq. 5.13)
where n = porosity (expressed as a fraction).

v
n

RS

Thus, seepage velocity is the superficial velocity divided by the porosity. This gives the
average velocity of a drop of water as it passes through the soil in the direction of flow ; this is
the straight dimension of the soil in the direction of flow divided by the time required for the
drop to flow through this distance. As pointed out earlier, a drop of water flowing through the
soil takes a winding path with varying velocities ; therefore, v_ is a fictitious velocity obtained
by assuming that the drop of water moves in a straight line at a constant velocity through the
soil.

Even though the superficial velocity and the seepage velocity are both fictitious quanti-
ties, they can be used to compute the time required for water to move through a given distance
in soil.
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Equation 5.13 indicates that the seepage velocity is also proportional to the hydraulic
gradient. It may be rewritten as follows :

v =kiln=(kin)i =k, i ...(Eq. 5.14)
where k,, the constant of proportionality, is called the ‘Coefficient of Percolation’, and is given
by :

k, = kin ...(Eq. 5.15)

5.4.4 Energy Heads

In the study of fluid flow it is convenient to express energy in any form in terms of ‘head’,
which is energy per unit mass :

1. Pressure head, hp = the pressure divided by the unit weight of fluid = p/p.

pM M M.L energy ML
Pressure engery = ——=—-. =ML ,Head=—"-=—+-=1L
( " 8oLy p 2 M mass M

2. Elevation or datum head, A, = the height from the datum (Elevation or potential
energy = ML)

3. Velocity Head, h, = square of velocity divided by twice acceleration due to gravity

2
1%

2g

(Kinetic energy = Myv* = ML*T™ = ML},
2¢ TL

Here,

M = Mass, v = Velocity, g = Acceleration due to Gravity
L = Length, T' = Time, p = Pressure.

In dealing with problems involving fluid flow in soil, the velocity head is taken to be
negligible, and as such, the total head will be the sum of pressure head and elevation head. In
dealing with problems involving pipe and channel flow, total head is defined as the sum of
pressure head, elevation head and velocity head ; the sum of pressured head and elevation
head is usually called the ‘Piezometric’ head. In the case of flow through soils, the total head
and the piezometric head are equal.

Since both pressure head and elevation head can contribute to the movement of fluid
through soils, it is the total head that determines flow, and the hydraulic gradient to be used in
Darcy’s law is computed from the difference in total head. Unless there is a gradient of total
head, no flow can occur.

Pressure head or water pressure at a point in a soil mass can be determined by a
piezometer; the height to which water rises in the piezometer above the point is the pressure
head at that point. The manometer or standpipe and the Bourdon pressure gauge are two
simple piezometers, which require a flow of water from the soil into the measuring system to
actuate each device. This flow may require a significant time-lag if the soil is a relatively
impermeable one such as silt or clay. To measure pore pressures under ‘no-flow’ conditions
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various types of piezometers have been developed. (Lambe, 1948; Bishop 1961; Whitman
et al. 1961) Piezometers such as ‘Casagrande Piezometer’ have been developed for use in field
installations.

When instantaneous stress release occurs, even a negative value of pore pressure can
develop, with values which might go below even absolute zero (minus 1 Atmosphere).

In general, it is more convenient to determine first the elevation and total heads and
then compute the pressure head by subtracting the elevation head from the total head.

Thus, the following are the interesting points in energy heads :
(@) The velocity head in soils is negligible.

(b) Negative pore pressure can exist.

(c) Direction of flow is determined by the difference in total head.

(d) Elevation and total heads are determined first, and then the pressure head by
difference.

(e) Absolute magnitude of elevation head, which depends upon the location of the datum,
is not important.

5.5 THE DETERMINATION OF PERMEABILITY

The permeability of a soil can be measured in either the laboratory or the field; laboratory
methods are much easier than field methods. Field determinations of permeability are often
required because permeability depends very much both on the microstructure—the arrange-
ment of soil-grains—and on the macrostructure—such as stratification, and also because of
the difficulty of getting representative soil samples. Laboratory methods permit the relation-
ship of permeability to the void ratio to be studied and are thus usually run whether or not
field determinations are made.

The following are some of the methods used in the laboratory to determine permeability.
1. Constant head permeameter

2. Falling or variable head permeameter

3. Direct or indirect measurement during an Oedometer test

4. Horizontal capillarity test.

The following are the methods used in the field to determine permeability.

1. Pumping out of wells

2. Pumping into wells

In both these cases, the aquifer or the water-bearing stratum, can be ‘confined’ or
‘unconfined’.

Permeability may also be computed from the grain-size or specific surface of the soil,
which constitutes an indirect approach.

The various methods will be studied in the following sub-sections.

5.5.1 Constant-Head Permeameter
A simple set-up of the constant-head permeameter is shown in Fig. 5.4.
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Fig. 5.4 Set-up of the constant-head permeameter

The principle in this set-up is that the hydraulic head causing flow is maintained con-
stant; the quantity of water flowing through a soil specimen of known cross-sectional area and
length in a given time is measured. In highly impervious soils the quantity of water that can
be collected will be small and, accurate measurements are difficult to make. Therefore, the
constant head permeameter is mainly application cable to relatively pervious soils, although,
theoretically speaking, it can be used for any type of soil.

If the length of the specimen is large, the head lost over a chosen convenient length of
the specimen may be obtained by inserting piezometers at the end of the specified length.

If @ is the total quantity of water collected in the measuring jar after flowing through
the soil in an elapsed time ¢, from Darcy’s law,

qg=Qt=Fk.i.A
k= (Q/).(1/iA) = (Q/t).(L/Ah) = QL/thA ...(Eq. 5.16)
where
k = Darcy’s coefficient of permeability
L and A = length and area of cross-section of soil specimen
h = hydraulic head causing flow.
The water should be collected only after a steady state of flow has been established.
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The constant head permeameter is widely used owing to its simplicity in principle. How-
ever, certain modifications will be required in the set-up in order to get reasonable precision in
the case of soils of low permeability.

5.5.2 Falling or Variable Head Permeameter
A simple set-up of the falling, or variable head permeameter is shown in Fig. 5.5.

|

S L4

|- Stand pipe
or burette
(Cross-sectional area a)

/44~ Porous stone
T~ Screen
hy

(Cross-sectional
area A)

Overflow

Constant head
chamber

Fig. 5.5 Falling, or variable, head permeameter

A better set-up in which the top of the standpipe is closed, with manometers and vacuum
supply, may also be used to enhance the accuracy of the observations (Lambe and Whitman,
1969). The falling head permeameter is used for relatively less permeable soils where the
discharge is small.

The water level in the stand-pipe falls continuously as water flows through the soil
specimen. Observations should be taken after a steady state of flow has reached. If the head or
height of water level in the standpipe above that in the constant head chamber falls from 4 to
h,, corresponding to elapsed times ¢, and ¢,, the coefficient of permeability, £, can be shown to
be :

2.303 aL

k=—""—.

logy, (hyf/hy) ..(Eq. 5.17)

where
a = area of cross-section of standpipe

L and A = length and area of cross-section of the soil sample and the other quantities as
defined.
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This can be derived as follows :

Let — dh be the change in head in a small interval of time dt. (Negative sign indicates
that the head decreases with increase in elapsed time).

From Darcy’s law,
Q=(—adh)dt=Fkia
—adh/dt = K-A-h/L

(RHIL)A = — .22
dt
or (RAlaL) - dt =—dh/h

Integrating both sides and applying the limits ¢, and ¢, for ¢, and A and A, for A,
¢ h h
BA (oo [ndh_ [ dh
aL Ji, hy h o h
(RAlaL)(t, —t,) =log, (hy/h,) = 2.3 log,, (hy/h,).
Transposing the terms,

2.303 aL
h=———'1 h,/h
Alt;—ty) 2w (ho/h)
which is Eq. 5.17.

The ‘Jodhpur permeameter’ developed at the M.B.M. Engineering College, Jodhpur,
may be conveniently used for conducting the falling head as well as constant head tests on
remoulded as well as undisturbed specimens. Remoulded specimens may be prepared by static
or dynamic compaction. The apparatus has been patented and manufactured by ‘AIMIL’. (M/s.
Associated Instrument Manufacturers India Limited, Bombay). The detailed description of
the apparatus and the procedure for the permeability tests are given in the relevant Indian
standards. [(IS : 2720 Part XVII—1986) and (IS : 2720 Part XXXVI—1987)].

5.5.3 Direct or Indirect Measurement During an Oeodometer Test

As discussed in Chapter 7, the rate of consolidation of a soil depends directly on the permeabil-
ity. The permeability can be computed from the measured rate of consolidation by using ap-
propriate relationships. Since there are several quantities in addition to permeability that
enter into the rate of consolidation-permeability relationship, this method is far from precise
since these quantities cannot easily be determined with precision. Instead of the indirect ap-
proach, it would be better to run a constant-head permeability test on the soil sample in the
oedometer or consolidation apparatus, at the end of a compression increment. This would yield
precise results because of the directness of the approach.

5.5.4 Permeability from Horizontal Capillarity Test
The ‘Horizontal capillarity test’ or the ‘Capillarity-Permeability test’, used for determining the
capillary head of a soil, can also be used to obtain the permeability of the soil. This is described
in detail in a later section dealing with the phenomenon of ‘Capillarity’.

The laboratory measurement of soil permeability, although basically straightforward,
requires good technique to obtain reliable results. The reader is referred to Lambe (1951) for
an exhaustive treatment of measurement of permeability.



SOIL MOISTURE-PERMEABILITY AND CAPILLARITY 125

5.5.5 Determination of Permeability—Field Approach

The average permeability of a soil deposit or stratum in the field may be somewhat different
from the values obtained from tests on laboratory samples; the former may be determined by
pumping tests in the field. But these are time-consuming and costlier.

A few terms must be understood in this connection. ‘Aquifer’ is a permeable formation
which allows a significant quantity of water to move through it under field conditions. Aqui-
fers may be ‘Unconfined aquifers’ or ‘Confined aquifers’. Unconfined aquifer is one in which
the ground water table is the upper surface of the zone of saturation and it lies within the test
stratum. It is also called ‘free’, ‘phreatic’ or ‘non-artesian’ aquifer. Confined aquifer is one in
which ground water remains entrapped under pressure greater than atmospheric, by overly-
ing relatively impermeable strata. It is also called ‘artesian aquifer’. ‘Coefficient of Transmis-
sibility’ is defined as the rate of flow of water through a vertical strip of aquifer of unit width
and extending the full height of saturation under unit hydraulic gradient. This coefficient is
obtained by multiplying the field coefficient of permeability by the thickness of the aquifer.

When a well is penetrated into a homogeneous aquifer, the water table in the well ini-
tially remains horizontal. W