Chapter 1

| Classification and Physical
Properties of Soils

ground. Whether the project

in the feld of civil engineering, nearly all projects are kullt an te,-oF into, the
rtance

i i sTructure, a roadway, a tunnel, or a bridgs, the nature of the sall at-that location = of greal impo
to the civil engineer. Geatechaicnl engineerng (s the tarm given to the branch of engineenng that ks
cancermned with mspects pertaining to the ground. Soif mechanics f& thi subjoet within this branch that
lacks at the behaviour of solls in civil engineeting.
Geotachnical engineers are not the only professionals interested in tha ground; soll physicists, agricul
tural engineers, farmens and gardenars all take a0 intorest in the types of sl with which they are warking
f These workers, however, cantem themselves mastly with the organic topsails found at the soil surtace
P-< in contrast, geotechnical engineers e mainly interested in tha engineering soils found bencath the
topsail. It is the enginesring properties and behaviour of these soils which are their concern,

1.1 Agricultural and engineering soil

> If af excavation 18 made through previously undisturbed ground the following materkals are usually encoun
terad (Fig- 1.1},

Topsoil
A layerof organicssil, usuially mot mara than 508 mm thick, in which humiss fhighly arganic partly deconi-
posed vegetoble matter) s ahien fenand.

Subsaif

The portion of the Earth's
unweathered sail below.

erust affectad by current waathering, and lying batween the topsail ond the

& ik elimates humic acid can be formed by rainwater tausing decompasition of humus, This acid
g4 qut iran and alurmina cxides dawn into the lowar [ayers where they act as cementation agents (o
& hard, rock-lie material, Hardpan Is difficult to excavate pnd, 85 it does not soften when wet, has

& high resistance to normal soil drilling methads. & hardpan layer s somatimes found st the junction of
the 1opsail and the subsoil
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Peat deposits
d H-OCCur extengivel
i i vely through Ry
tered in civil enginearing work ghout the world and can ke extremely troublesame when encoun-

1.2.3 Granular and cohesive soils

G'E'Otbchni.;_-al "
ngineers classity sails as e f ]
o5 cohesionless ?ﬂil!s] i ty swils as either granufar ar cohesive. Granular soils (dometimes refarred o
el C;:.I-,.E.si i are formed from loose particies without strong inter-particle forces, &g, sands and
The particies a:ﬁﬁ 3 ‘e;ﬂ!ﬂ- :Ia:,m_ clayey silts) sre mada fram particles baund toqether with elay minerals,
R o . Eh:;r:_ks r-tlt-l-llcf: and retaln a significant amount of adsorbed water on their surfaces.
-iike particles to slida relstive 10 ane ansth s i i o

e iy af, glves a cohasive soil the property

1.3 Clay soils

It is generally belleved that rock fragments can be reduced by mechanical means to a miting size of
about D002 mm, 5o thet a soil cantaining particles shave this size has & mineral content skmilar to the
parent rock from which it was created.

For the production of particles smaller than 0.002mm some farm of chemical action is generally neces-
sary before breakdown can be achisved. Such particles, althaugh having a chemical contant similar to the
parent rock, have a different crystalline structure snd are known as clay paricles. An exception is rock
flour, rock grains smaller than 0.002mm, preduced by the glacial action of rocks grinding against each

other.

1.31 Classes of clay minerals

The minerals constituting a clay are invariably the result of the chemical weathering of rock particles and
are hydrates of aluminium, lran or magneslum silicats generslly combined in such a manner, bsto create
shieet-like structures only a few maolecules thick. These sheets are built from twe Basic units, the tetrahedral
unit of silica and the octahedeal unit of the hydreside of aluminium, iran or magnesium. The main dimean-
sion of a clay particle is usually less than 0.002mm and the differant types of minerals have been created
from the manner in which these structures were stacked together,

The three main groups of clay minerals are-as follows,

Kaolinite group

This: mineral is the mast dominant part of residual dlay deposits and Is made up from large stacks of
alternating single tetrshedral sheets of silicate and nctahedral sheets of aluminium. Kaolinites are very
stable with a sirong structure and absorb little water, They have low swelling and shrinkage respanses to
waler content wariation.

Consists of a
‘ol silicon. |n the

series of single octahedral sheets of aluminium sandwiched between two tetrahedral sheets
octahedral sheets some of the aluminium is replaced by iron and magnesium and in the
there Is 3 partlal replacement of silicon by aluminlum. lllites tend to absarb mare water

than kaplinites and have higher swelling and ihrrdt'a_g:e':harnmﬂsﬂu.

120p bt n the tetrahedral sheets, some of the sficon s
lonites exhibit extremely high water absarptian,

~R
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H:lur!.-n, are typically deposited in laywrs o bads called strata and when compacted and cemanted together
(lithification) thay farm sedirnantary rocks,
Examples of sodimentary rcks: shate, sandstone, chalk,

Mﬂlﬂmpﬂlﬂ rocks
Metamarphism thraugh high temperatures and pressires acting on sedimentary or igneaus racks pra-

duces metamorphic rocks, The orlginal rock undergoms both chamical and physical slterations.
Examnples of metamerphis facks: shate, quartzite, markie,

1.2.2 Soil

The actions of frost, termparature, gravity, wind, rain and chemical weathering are continually forming
rack particles that eventually become soils, There are theas types of ol when cansidsring mades af
formation.

Transparted soil (gravels, sands, silts and clays)
Mest soils have been transported by water. As a stream o river loses its velacity it tends to deposit some
of the particles that [t s carrying, drapping the larger, heavier particles first, Hence, on the higher reaches
of a river, gravel and sand are found whilst an the lower or older parts, sits and clays predominate, espe-
clally where the fiver enters the sea or 8 laka and loses it velocity Ics has bean snother impiortant rans.
portatian agent, and large deposits of boulder clay and moraine are often ancountersd. .

In arid parts of the world, wind i continually farming sand deposits in the form of ridges. The sand
| particles in these ridges have been more or less rolled slang and are invariably rounded and fairly uniform
in size. Light brown; wind-blown deposits of sift-size particles, known as loess, are oftan sncountered in

. the particles having sometimes tavelled consderable disances.
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Bedrock

Fig. 1.1 Marerlals encounterad during exeavation

Sail
The soft geological deposits exténding from the subsoll to bedrock, In same soils there is a certain amoun

of cementation between the graing which sffects the physical properties of the soil. |f this cementation is
such that & rock-hard material has been produced, then the material must be described as rock. & raugh

rule is that if the material can be excavated by hand or hand 1ools, then it is a:soil.

Groundwater
A reservoir of underground water. The upper surface of this water may occur at any depth and s known
as the water table or groundwater lnvel [GWL].

1.2 Engineering definitions

Geologists class all iterms of the Earth's crust as rock, whather hard or soft deposits. Civil enginears con-

“sider rock and soll separately.

1.21 Rock
Racks are made from various types of minerals, Minerals are substances. aof erystalline form made up from

a particular chamital cambination. The main minar:_lli_‘fnund in rocks include quarts; feldspar, calcite and
mica. Geologists classify all rocks into three basic groups: igneous, sedimentary and metamorphic.

These rocks have hecome salid from a melted quuI_d-sl‘.:_lte. Extrusive Ignecus rocks are those that arrived
an the surface of the Earth as molten lava and coaled. Intrusive igneaus racks are formed fram magma
{molten rock) that forced itself through cracks into the rock beds below tha surface and solidified there.

Ei?ﬂ!ﬂﬁfﬁd’fhﬁuuu& inﬂi:r’_granftil; basalt, gabbro.

Westhering reduces the rock mass In'to fragmantad particles, which can be more easily transportad by

by the agents of ‘weathering, they are termed sediments. These sedi-
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1.5.3
Granular soils - particle size distribution

fusually ‘after washing ;I-u::af:w t:'u: patiicle i r'{'.““h:d”nﬁ by shaking an Va0 i
i A e s e P eﬁ over a B3un sieva) through a set of sieves anel recording the mass
sachusetts Instiuute of -Tr-:-hmﬂaﬁl ':::":'” A wnniac Y Ve E.“I.l\h Staridards Institution 1s the Mes:
the particle size diETFiblll;Uﬂ ﬁh'-"g'r' ‘ i'l }!;3'5"'“'1 The Hamdlaries defined by i
Shlipeu s 3,_..-.-..-:‘: inFig: 1.2, The res:_l.lti- of the sove :I-.I'I-_1|-,-".'i are plof : s
boulder [t is necessary to use : If'n perceantages werT_u:aI As soil |»-'-*'-_Ic|f=5 vary in size from maolgcular 19
og scale [ar the horizontal plot 5o that th

the one sheet

The smallest aperture generally used in sails work is that of
silt sizes) the distribution curve must be obtained by sadimentation
f:en-:n'fuge is used. it is not possible to determine the range of clay sizes
is to obtain the total percentage of clay sizes present. A full description o
Part 2.(BSI, 1990}

Examples of particle size distribution (or grading) curves for differant scil types are shown in Fig. 1.9,
Flrnm these grading curves it is possible to determing for each soll the total percemags of a particular
size and the percentage of particle sizes larger or smallar than any particular particle size.

ceils, Tha usual method is
sample of the soil

¢ SyELEm Can e s&an on
stiad with the particle

yefull range can be shown on

the 0.063 mm size sieve, Below this size [i.e

{pipette or hydrometer] Unless a
in a soil, and all that can be done
f these tests is given in BS 1377

The effective size of a distribution, Dy,
the largest size of the

distribution is the effective size which is
are defined in the same

An important: particle size within 2 soil
Other particle sizes, such a8 Da and Das,

smallest 10%. It is given the symbol Dy
manner,

Grading of a distribution

For a granular soil the shape o

If the shape of the curve is not too steep and i more of
particle sizes then the particle size distribution extends evar
the soil and there is no deficiency ar excess of any particular particle size, Such a

graded.
if the soil has any other form of
dietribution curves there are two

ha distribution of the soil particles within it.

less constant over the full range of the sail's
ly over the range of the particle sizes within
soil ie said to be well

f its grading curve indicates 1

distribution curve then it is said to be poorly graded. According to their

types of poorly graded soil:

o if the major part of the curve s steep then the <oil has a particle size distribution extending over a
limited range with most particles tending ta b about the same size, The soilis sald to be closely graded

or, mare commonly, uniformly graded,
d smaller particles and only a ¢mall percentage of the

o if a sail has large percentages of its bigger and
intermediate sizes then its grading curve wil exhibit @ significantly flat section or plateau. Such a soilis

said to be gap graded.

The uniformity coefficient C,
The grading of 2 soil is hest determined
0 | parameter,

i

by direct observation of its particle size distribution curve, This
ng the subject for the first time but some guidance can be obtained by
known as the unifarmity coafficient.




6. Smith's Elements of Sall Mechanics

Boulder clay, alsg refarred to as glacial till, s an unstratified and irregular mixture of boulders, cobbles,
gravel, sand, silt and E.Hp’ of gr&:iil origin In spite of its name boulder r.'|;.|:f' s not a pure clay arel containg
!'nure granular material than clay particles: Maraines are graval snd sand deposits of glaciul origin. Loam
is a soft depasi consisting af a mixture of sand, silt and clay In approximately equal guantities. Fill |s sail
#xcavated from a ‘borrow’ area which s Used for filling hollows or for the eonstruction of earthiill struc-
tures, such as dams or embankments Eill will sametimes contain man-mada material such as crushed
concrete or bricks from demolished bulldings,

1.5 Laboratory classification of soils

Soil classification enables tha Eﬂg'm.agr to assign & s0il 1a one of o limited number-of groups, based on
the material properties and characteristics of the soil, The classification groups are then used as a system
of reference for soils, Soils can be classified in the field or in the laboratory. Field tachniques are usually
based upon visual recognition as deseribed above. Laboratery techniques involve several specialised tests.

1.5.1 Drying soils

Soils can be sither oven or air dried, It has become standard practice to oven dry soils at a temperature
of 105°C but it shauld be remembered that some sails can be damaged by such a temperature. c"‘."‘"
drying is necessary for water content and particle specific gravity (se= Section 1.8.3) tests but air drying
should be used whenever possible for other soil tests that also require the test sample to be dry.

15.2 Determination of water content, w.

The most common way of expressing the amount ?T:;'m.!.f. present F‘*iﬂ'ﬁ?ﬂ',‘.—":—"’!—""',ﬁ. .
content, also called th maisture cantent, is glven the symbel w and is the ratio of the

to the amount of dry soil.

“amount of water.
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swilling and ¥
shrinkane charac
Tram wensthered VI.'.'] 5 Laracteristics. Bontonite is 8 member of this mineral group and is usually formed
much in demand 15:"“'- Mhi Because of jis lsrge exparsive properies when it is mixed with water it is
- general grogt ir - i f
dnlllng miud for soil bﬂ!’it‘lgq grout in the DI"QQ'"Q of leaks in reservairs snd turnels. It is slso used as a

Readers inte B!
interestad n thig subject of clay r|-|||-|1_-!.rﬁ|agl,- arg rafarrad to the publication by M'.Irrl'!"' [2006)

1.3.2 Structure of a clay deposit
Macrostructure

::rt:'i::: :IE;:TE:;::; clay depasit ?allnctimly form its macrostrueture and include such features as fis-
& '“Jd- ; |-|‘ o ng paﬂﬂ""ﬁ.- silt and sand seams or lenses and ather discontmuities
Fa: :xarrlv T 1:hE Macrostructure is Important as it uiually has an affect an the behaviaur of the soll mass
ple the strength of an unfissured clay mass iz much stronger than slang a crack.

Microstructure

The structural arrangement of microseoplc sized clay paricles, or groups of particles, defines the micro-
structure of & clay deposit, Clay deposits have bekn laid down under water and wers created by the
settlement and depaosition of clay particles out af suspension. Often during their deposition; the action
of Van der Waals farces attracted clay particles tagether and created flocculant, or honeycombed, struc-
Tures which, althaugh still microscopic, are of considerably qreater volume than single clay particles. Such
greups of clay particles are referred to as clay flocs. =

1.4 Field identification of soils

Gravels, sands and peats are easily recognisable; but difficulty arises in dacidwﬂﬂﬂﬂw
or a coarse silt or when it is 2 fine slit or a clay. The fallowing rules may, however, help:
TR e L

(“Fine sand Silt Clay W
Some particles visible Mo particles visible

Exhibits dilatancy Mo diletancy
Ezsy to crumble ond can be Herd to crumble and sticks to hands
dusted off hands when dry when dry

Indivicual particles visible
Exhibits dilatancy

Easy to crumble and falls off
hands when dry

Feels gritty Faa'l_s rough Fgﬂsmgmmh
i ci sticity
\ No: plasticity Some plasticity Flasticity )

The dilatoncy test invalves moulding @ small ameust of soll in the palm af the hand, i water s ssen tn recade when the sl
I8 preszed, then it ls either 2 sand orm st

Organic silts and clays are invariably dark grey 1o blue-black in celour and give off a characteristic odour,

y with fresh samples. . s o = i
" he condition of a clay very much depends upan its degree of consolidation. At one extreme, a soft
e condo ol e o by s g higas. o e i e, e e
consolidated clay cannat. Cons

be m : /
slidation is described in Chapter 11,

e form of a mixture of components, e.g- silty clay, sandy silt, etc.
Il types that accur within a particular region, e.g. Landon clay.
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ThE particle size distribution curve s shown in Fig: 1.2, The sail has approximate propor-
tions of 30% gravel and 70% sand,

By = DT mm, Be=15mm; C,s= Dian 1_:_:_‘ BA
w D17
100 ————a— — e * IR —— — -
80 - e i
80 | I |
10 L L
60 I 21T -1
| e T ]
= e vl |
o P |
o - -""". = |
0006 002 O0B G2 i il 2 8. 2 G 20 B0 200 |
dﬂ}' : | | m | (<] 1 ! 44} t [+ 1 | m h c sione ||
il fraction gand fraction gravel fraciion
Paride size In mm
Fig. 1.2 Example 1.2: |

1.5.4 Cohesive soils - consistency limit (or index) tests

The results of the grading tests described above can only classify a soil with regard 1o its particle size
distribution. They do not indicate whether the fine grained particles will exhibit the plasticity generally
associated with fine grained soils, Hence, although 2 particle siz= analysis will completely define a gravel
and @ sand it is necessary to carry out plasticity lests in arder to fully classify a clay or a fine silt
These tests were evolved by Atterberg (1911) and determine the various values of watar content at
which changes in & soil's strength characteristics accur. As an introduction to these tests let us consider
the effect on the strength and compressibility of 3 soil as the amaunt of water within it is varad, With a
cohesionless soil, i.e. a gravel or 3 sand, both parameters are only slightly affected by a change in water
content whereas a cohesive soil, ie 2 gilt ar a clay, tends to become considerably stranger and less com-
pressible, Le. less easy 1o mould, as it dries out
Let us consider a cohesive soil with an extremely high water content, L.e. a suspension of soil particles
in water. The soil behaves as a liquid and if an attempt is made 1o apply a shear stress there will be con-
tinual deformation with no sign of a fallure stress value, If the soil is allowed to slawly dry out a point will
be reached where the soll just begins to exhibit a small shear resistance. |l the shear stress were removed
it will be found that the soil has experienced a permanent delarmation; it is now acting as a plastic solid

and not 35 a liquid.

Liguid limit (w,) and plastic limit (we)

d pla
ich the soil s “acting as a liquid and starts acting as a plastic solid is known

i

I—
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|: C, = 4.0 than the soil is uniformly gradead,
lf €, = 4.0 then the soil s sither well graded or gap and & glance at the grar fing curve should be suf-
ficient for the reader to decide which is tha corr nL1-n'JE“'--'.f'IJ"'-'""'

Example 1.2: Particle size distribution

The results of & sieve analysis on a soll sample were:

{ Siave size (mm) Mass retained (gl
i 10 0.0
6.3 55
2 57 |
| 231
LA ] 2210 |
1 fir 17.3 |
05 12.7 |
0.063 4.9 I |
2.3 g passed through the &3um sieve, !'
| Plot the particle size distribution curve and determine the uniformity coefficient of
the saill
Solution:

The aim is to determine the percentage of soll {by mass] passing through each sieve.
To do this the percentage retained on each sieve & determined and subtracted from
the percentage passing through the previgus sieve, This gives the percentage passing
through the current sieve. _

Caleulations-may be set out as follows:

r‘s_hw size Mass retained Percentage retained Pﬂmnl‘lhﬂ'-paﬁﬁlngw
[mm) (@ (%) (%)
10 0.0 ! 100
f.3 i 5 95
2 257 22 73
1 2341 20 53
0.6 22,0 19 4
03 .3 15 1%
0.15 12.7 11 8
0063 6.8 (- 2
Pass 0.043 2 H

——
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Total volume of sed

Brittie . | salid

Flmslic s | Lisopued

! -

Wy Wi W,
W decreasing

Fig, 1.4 Changesin total valume agaimst water content.

at values of water content below this level the soil is partially saturated, In ather words, below the shrink-
agge limit the volume of the soil remains constant with further drying, but the weight of the soll decreases
until the soil i fully dried.

In Fig. 1.4 the variation of the total volume of a sail with its water comeant is platted, showing the posi:
tlons of the liguid, plastic and shrinkage limits,

Determination of liguid and plastic limils

Liguid limit test
@5 1377: Part 2 specifies the fallowing three methods for determining the hiquid limit of seil

(1) Cone penetrometer methed {definitive method]
Details of the apparatus are shown in Fig. 1.5, The soil to bie tested is air dried and tharoughly mired.

At lzast 200g of the soll is sisved through g 425,m sieve and placed on 2 glass plate. The soil is then
mised with distilled water into.a paste.

A metal cup, approximately 55mm in diameter and 40mm deep, is filled with the paste and the
surface struck off level. The cane, of mass 80g, is next placed at the centre of the smoathed soil
surface and level with it. The cone Is released so that it penetrates Inte the soil and the amount of
penetration, over 4 time period of § seconds, Is measured.

" The test is now repeated by lifting the cane clear, cleaning it and filing up the depression in the
<urface of the soil by adding & little more of the wet soil

If the difference between the two measured penetrations is less than Q.5mm then the tests are

considered valid, The average penatration s noted and a water content determination is carried out
onthesolltested

The procedure is repeated
used throughout should be s

Yo obtain the liquid lim

ot least four times with increasing water cantents. The smount of water
ch that the penetrations obtained lie within a range of 1510 25mm.
variation of cone panetration is plotted against water cantent and the:

gh the experimental paints. The liquid limit is taken to be the water
' ressed as a whole number). '
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’_ Mosbuerg sanlant incroaning

B
Defarmatian :
Al We Wy —s W, AW,
) L] el

Fig. 1.3 gﬁ_‘_";’-‘t‘l‘“ﬂdlfﬂfﬂlﬂﬂn relationships ot different water contents.

=l ! ) on. : ad AR e 3 st large shesring
As further maisture is driven from the sail it becames possible for the sail to b Bl L :

stresses. Eventually the soil exhibits no permanent deformation and simply fractures “'“f "“J '”'.EE:": de:q;

mation, i.e. it acts as a brittle solid. The limit 2t which plastic failura changes to brittle failure is know

the plastic fimit (ws or PL), see Fig. 1.3a.




