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INTRODUCTION TO
GEOTECHNICAL ENGINEERING



TYPICAL GEOTECHNICAL PROJECT

Geo-Laboratory ‘ Design Office
for testing for design & analysis




GEOTECHNICAL ENGINEERING AND SOIL
MECHANICS

Soils are the oldest and most complex engineering materials.

Our ancestors used soils as a construction material for flood protection and
shelters

Soil mechanics is a subset of geotechnical engineering, which involves the
application of soil mechanics, geology, and hydraulics to the analysis and
design of geotechnical systems such as dams, embankments, tunnels, canals
and waterways, foundations for bridges, roads, and buildings,



geotechnical RPN ICRHONS



SHALLOW FOUNDATIONS

« for transferring building loads to underlying
ground

« mostly for firm solls or light loads
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SHALLOW FOUNDATIONS
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DEEP FOUNDATIONS

» for transferring building loads to underlying

ground
» mostly for weak soils or heivy loads




PILE DRIVING RIG — ROSS RIVER DAM




PILE DRIVING RIG — ROSS RIVER DAM




DEEP FOUNDATIONS
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Driven timber piles, Pacific Highway 10



PIER FOUNDATIONS FOR BRIDGES

Millau Viaduct in France (2005)

Cable-stayed bridge
Supported on 7 piers, 342 m apart
Longest pier (336) in the world
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PIER FOUNDATIONS FOR BRIDGES

Millau Viaduct in France (2005)




The new link between Copenhagen,
(Denmark) and Malmo (Sweden)
includes the causeway and its tunnel
seen in this photograph, plus one of the
world’s longest cable-stayed bridges
(not seen here).



RETAINING WALLS

¢ for retaining soils from spreading laterally

retaining
e




REINFORCED EARTH WALLS

~ using geofabrics to strengthen the soll

RETAINING WALLS M
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SHEET PILES

~ sheets of interlocking-steel or timber driven into
the ground, forming a continuous sheet




SHEET PILES

~ resist lateral earth pressures

~ used In excavations, waterfront structures, ..
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SHEET PILE AT WOOLCOCK ST
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SHEET PILES

~ used in temporary works

AR
< . P

]

-~

V4 . [N
U ear et Y

19




COFFERDAM

~ sheet pile walls enclosing an area, to
prevent water seeping in
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COFFERDAM

~ sheet pile walls enclosing an area, to
prevent water seeping in
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SHORING

propping and supporting the exposed walls to
resist lateral earth pressures
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EXCAVATIONS
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SOME CIVIL ENGINEERING
MARVELS ....
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tunneling

.. buried right under your feet.
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GREAT CONTRIBUTORS TO THE
DEVELOPMENTS IN
GEOTECHNICAL ENGINEERING
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Karl Terzaghi C.A.Culofﬁb » M. Rankine
1883-1963 1736-1806 1820-1872



GEOTECHNICAL ENGINEERING
LANDMARKS




LEANING TOWER OF PISA

Our blunders become monuments!




FORMATION OF SOIL



THE BASIC CHARACTERISTICS OF SOILS
ENGINEERING DEFINITION OF SOIL

Soil: is an uncemented or weakly cemented aggregate of solid grains formed
due to weathering of rocks and decayed organic matter, soil is considered to
be particulate system.

If the grains are connected together by strong and permanent cohesive
forces, the material called “rock” or “stone”.

Soils tend to be complex and heterogeneous materials with a wide range of
mechanical behavior.




THE BASIC CHARACTERISTICS OF SOILS
ENGINEERING DEFINITION OF SOIL

The mineral grains that form the solid phase of a soil aggregate are the
product of rock weathering.

The physical properties of soil are dictated by the size, shape, and chemical
composition of the grains, and hence the rock from which is derived.

Rocks are compact, semi-hard to hard mass composed of one or several
minerals.




SOIL FORMATION

Soils are formed from the:

Physical weathering

Chemical weathering




PHYSICAL WEATHERING

| -Physical (mechanical) weathering
|) Temperature changes: may cause the rock to disintegrate either because of

(A) fatigue due to cyclic stresses of compression and tension.

(B) differential thermal expansions of the different minerals within the rock, or both.
2) Alteration freezing and thawing: may widen the crack in the rock by

expansion of water in the cracks, or may create new cracks in the sound

rock if the pores or voids of the rock are filled with water.
3) Splitting action of plant roots: roots may penetrate rock pores or

existing cracks to further increase their size.

4) Erosion by the action of wind, water, or glaciers (abrasive movement)




PHYSICAL (MECHANICAL) WEATHERING

The resultant soil particles due to physical weathering retain the same
compositionas the parent rock.

*The shape of particles may be:

Rounded, subrounded, angular, or subangular

T oBRVEE

Roundod Subroundod Subangular Angular




2- CHEMICAL WEATHERING

|) Oxidation:is an agent in the decomposition process whereby oxygen ions combine with some
minerals in the rock which subsequently decomposed in a manner similar to the rusting of steel.

2) Carbonation:is a form of decomposition where carbon dioxide and water form carbonic acid which
decomposes many minerals containing iron, calcium, sodium, etc.

3) Hydration:is the process of chemical addition of water to the minerals that subsequently convert
into new minerals.

4) Vegetation: decaying vegetation may be a factor in the production of organic acids, carbon dioxide,
and oxygen, which mixed with water penetrating through rock, may extract certain chemical elements
from the rock.




CHEMICAL WEATHERING

* The resultant soil particles due to chemical weathering have a various
composition about the parent rock

Mechanical vs. Chemical

-l g

Mechanical




FORMATION OF SOIL

residual soils: Soils that remain at the site of weathering are called.

These soils retain many of the elements that comprise the parent rock.

Alluvial soils, also called fluvial soils, are soils that were transported by rivers
and streams.

The composition of these soils depends on the environment under which they
were transported and is often different from the parent rock.




ROCKS TYPES

Rocks can be divided into three basic types:

Igneous rocks

Formed by solidification of molten Magma ejected from deep within earth’s

mantle.
Sedimentary rocks
Sedimentary rocks are widely spread over the surface of earth.

Weathering reduces the exposed rock mass to fragmented particles which can
be more easily transported more easily by wind, water, and ice.




ROCKS TYPES

The process through which sediments are converted into sedimentary rocks is
called DIAGENSIS. It includes the following phases:

|. Cementation Water percolating through the voids (or pores) between the
particles of sediment carries mineral matter which coats the grain and acts as
cement that bind them together.

2. Compaction The weight of top layers compacts sediments and expels water
out.

3. Crystallization Sometimes grains of sediments are joined together due to
crystallization of some of their constituents due to pressure.




ROCKS TYPES

Metamorphic rocks

Metamorphic rocks are formed if a rock is subjected to increase in temperature,
pressure, or both, to such degree that a new TEXTURE or possibly a new
MINERAL composition is produced.

The original rock may be igneous, sedimentary or metamorphic.




SOIL TYPES

Soil Types
Common descriptive terms such as:
gravels, sands, silts, and clays are used to identify specific textures in soils.

Texture: refers to the appearance or feel of a soil.

Sands and gravels are grouped together as coarse-grained soils.
Coarse-grained soils feel gritty and hard
Clays and silts are fi ne-grained soils..

Fine-grained soils feel smooth.




GRAVEL

Relative soil particle sizes
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SILT Cay
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MAIN CLASSES OF SOIL

Main Classes of Soils

Soil Type Type of Grains Predominant Size Intergrain Bonding
Gravels | TAItr, £eldspare. | 2mm < D < 76mm | Prictional
angular

Sands same as above .075mm <« D < 2mm Frictiocnal & chemical

pPrimarily quartz Fricticnal, chemical,
Silts flake-like grains dim < D < 2nm electrical

micah, kaolinite,
Clays bentonite, etc. D <« 2im Chemical & electrical

very small plate-
like grains




CLASSES OF SOIL DEPENDING ON SIZE
PARTICLES

lable 2.3 Patticle-Size Classifications Coarse grained soils . Fine grained soils

Grain size Imm)

Massachusct!s Instituie of Technology >2 210 0.06 (.06 to 0.002 <0002
(MIT)

U.S. Department of Agriculture >2 210005 0.05 0 0002 <0002
(USDA)

American Association of State 762102 2100075 0.075 to 0.002 <0002
Highway and Transportation
Ofhicials (AASHTO)

Unified Soil Classification System 76200475 475100075 Fines
(U.S. Army Corps of Engincers, U.S. (1., stlts and clays)
Burcau of Reclamation, and Amencan <0075
Society for Testing and Malcrials)




PARTICLE FORCES AND BEHAVIOR

* Behavior of individual soil particles and their interaction with other particles
influenced by:

weight of the particle forces (Fg): weight force is the result of gravitational forces.
It’s a function of volume of particles.

particle surfaces forces (Fs): surface forces are of an electrical nature. It’s a
function of surface area.

soil particles are assumed to be sphere particles of diameter (D).

The ratio Fg/Fs is directly proportional to D. which explain the nature of forces
between coarse grained soils and fine grained soils.




Clay Mineralogy



CLAY MINERALOGY

» Why we study clay minerals?

» When we can called a material “ Clay”?
1. crystalline particles of very small size (<0.002mm)

2. Develop plasticity when mixed with limited amount
of water.

3. Member of Phyllosilicate family.



BASIC STRUCTURAL UNITS

structural units

— ~

Tetrahedral sheet Octahedral sheet

026nm
\ Dioctahedral sheet trioctahedral sheet

Aluminum Magnesium

/N e[




TETRAHEDRAL SHEET

Several tetrahedrons joined together form a tetrahedral

LA A

tetrahedrén

hexagonal hole
The radius of circle
which fits into hole is

VYV VYV "™




DIFFERENT CLAY MINERALS

Different combinations of tetrahedral and octahedral
sheets form different clay minerals:

1:1 Clay Mineral (e.g., kaolinite, halloysite):




DIFFERENT CLAY MINERALS

Different combinations of tetrahedral and octahedral
sheets form different clay minerals:

2:1 Clay Mineral (e.g., montmorillonite, illite)




DIFFERENT CLAY MINERALS

* There are many different types of clay
minerals, the most important clay minerals
are:

1. Kaolinite
2. lllite
3. Montmorillonite



KAOLINITE

|:1 DIOCTAHEDRAL
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ILLITE
2:1 DIOCTAHEDRAL

- M B R BN

joined by K+ ions

N G 10A°

BINB{E C BN BN BN BN

hexagonal holes
in Si-sheet




MONTMORILLONITE

2:1 Dioctahedral

also called smectite; expands on contact with water.
G
nH,O and
Cations:

Mg+2’ ca+2 \

k*, Na*

easily
separated by
water

joined by weak
van der Waal’s bond

10A°



Silica sheet Silica sheet

Gibbsite sheet Gibbsite sheet
Gibbsite sheet Silica sheet Silica sheet
~ P
Silica sheet ‘ ‘ Potassium T nH,0 and exchangeable cations
- Basal
Silica sheet spacing Silica sheet
10 A variable—from
72 A Gibbsite sheet Gibbsite sheet 10 A to complete ~ Gibbsite sheet
separation
Silica sheet Silica sheet i Silica sheet
N B & V.
(a) (b) (¢)

D Gibbsite sheet D Silica sheet O Potassium

Figure 2.12 Diagram of the structures of (a) kaolinite; (b) illite; (¢) montmorillonite



CLAY PARTICLE

Plate-like or Flaky Shape



CLAY STRUCTURE

e Clay structure: is the arrangement of clay mineral particles
with respect to each other.

 The arrangement is due to the net forces acting between
particles. The net forces are:

1. Attraction: the structure is Flocculated.
2. Repulsion: the structure is Dispersed.

7 Flocculated

edge-to-face contact or
edge-to-edge contact

Dispersed

face-to-face contact



SPECIFIC SURFACE

« Specific surface is the surface area per unit mass

(m?/g)

« Clay minerals have a large specific surface

» Clay properties are highly affected by specific surface

Mineral Specific surface
(m=/g)
Kaolinite 10-20
[lite 80-100
Montmorillonite 800




CHARGE OF CLAY PARTICLES

* The surface of clay mineral particles is negatively charged,
due to these reasons:

Isomorphous substitution
2. Dissociation of hydroxyl ions.

Unsatisfied charges due to broken bonds at the edges of
particles.

4. Adsorption of anions. \




ISOMORPHOUS SUBSTITUTION

Isomorphous substitution: is substitution of aluminum or
silicon by atom of lower valance, which leads to a net
negative charge on clay mineral particles.

the arrangement of negative charge on clay minerals:
Montmorillonite> lllite> Kaolinite

Isomorphous substitution in clay minerals as shown:

Type of I.S Al*3 for Si*4 Al*3 for Si*4 Mg*? for Al*3

Amount of |.S 1:400 1:7 1:6

Location of I.S Silica sheet Silica sheet Gibbsite



CLAY PARTICLES IN WATER

adsorped water

= A
R )@ ST R

Clay particle o

water




CLAY PARTICLES IN WATER

* Adsorbed water: water nearest to the clay particle which
strongly held by hydrogen bond (because water molecules are
dipolar) and appears to have high viscosity.

D.D.L: describes the negatively charged particle surface and
the dispersed layer of cations.

* Free water: water which is not affected by the charge of clay
particles, and have lower viscosity.



Phase Relations

s W i S e e e, T I S
Ve
v
Total 3'_"' [ Total v, B S V.,
weight = 3 volume —— = %
w
W, V.,
s W gt FRVIR, SIS £F eV
(@) (b)
D Air E Water Solid

Figure 3.7 (a) Soil element in natural state; (b) three phases of the soil element



Phase Relations

Phase Volume Mass Weight
Air V, 0 0
Water Vi My Wy
Solid Vs M Ws

Table 1 Distribution by Volume, Mass, and Weight.




Objectives: To compute the masses (or weights) and volumes of
the three different phases.

c )

e —— —_— T —_—— L —._— —— L —— — ]

Notation S
W = Weight |
V = vqolume MY Sl i arhpareAnhRnnstol I

s = soil grains
w= wate -
a = alr . I cavenvaysnesvied
v = voids W, & S L

Phase Diagram



Definitions

Water content (w) is a measure of the water

present in the soil.
W,
W

W= x 100%

Expressed as percentage.

Range = 0 - 100%.

e el — i ——— — T —_———_——_—_—_— — ]

......................




Definitio

nsS

Void ratio (e) is a measure of the void volume.

o [=

—— —— —

 — = e e — e — o —— e —

P T T p——

.......................

............

o

Phase Diagram




Definitions

Porosity (n) is also a measure of the void volume,
expressed as a percentage.

n=E~x100%
V

Theoretical range:
0—-100%

=¥

W,

> <

W,

r— e e e —— e ——e — e - o — o —




Definitions

Degree of saturation (S) is the percentage of the void volume

filled by water.

v,
V,

N = =< 100%

Range: 0 — 100%

Dry - Saturated

=N

W,

— —— —— —— — T ——— —

Phase Diagram
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Definitions

Soil density (p) (bulk density) : is the density of the soil in

the current state.

Units:
t/m3,
g/ml,
kg/m?3

Va air Ma

Phase Diagram




Definitions

Saturated density (p.,;) is the density of the soil when the
voids are filled with water.

Submerged density (p’) is the effective density of the soil when it is
submerged.

P = Pesat - Pw




Definitions

Dry density (pg4) is the density of the soil in dry state.

Units: t/m3, g/ml,
kg/m?3

va air

Vul  water 'Mw

Phase Diagram




Definitions
Bulk, saturated, dry and submerged unit weights (y) are defined
In @ similar mannetr.
Here, use weight (kN) instead of mass (kg).
Yy =p*d
[ Mg
N/m3 kg/m3 m/s2 ) Yy = y

Because the force is usually required it is often convenient in
calculations to use the unit weight, g (weight per unit
volume).




Definitions

Specific gravity of the soil grains (G.) the ratio of the unit weight
of a given material to the unit weight of water.

G - p.‘i‘ _ '}15‘

5

p W ’Y TR

We can use G, to calculate the density or unit weight of the solid
particles:

ps = Gg pw
Ys = Gs Yw




Phase Relations

Consider a fraction of the soil where V¢, = 1.
The other volumes can be obtained from the

previous definitions.

The weight can be obtained from:
Weight = Density x Volume x gravity accelerating

-

U] Air B water [ Solid

Figure 3.2 Three separate phases of a soil element with

—————————

_____________

Volume

volume of soil solids equal to one




Phase Relations

Consider a fraction of the soil where V. = 1.

Phase Volume Mass | Weight
Air | e(1-5) 0 0
Water eS eSp,| €Sy,
Solid 1 Gepw | GsVu

Table 2 Distribution by Volume, Mass and
Weight in Saoll

Note that Table 2 assumes a solid volume V
=1 m3, All terms in the table should be
multiplied by V. if this is not the case.




Phase Relations

From the previous definitions,  weigh

Volume
T R e T S SR A S
14 Se
I
W= =
WS GS __A ———————————————————————— =
- — — _ Ve
m; ¢ W =wGy, - V, = wG,
H - - W J V=1+¢
l+ (‘3 e e e - __‘- - I A
A ” | p [
g = 2 , Wo=GCy, (R s -
Foooo(l-mi l-n e e s J
b B I

U] Air B Water B Solid




Phase Relations

" _%_G5+Se’p
L 4 l+e¢ 4
M GS +&
p.gar V 1+€ plz'lf'
M, G,
Pa = % l-I—{-: £y

Water

- Solid




Unit Weights

Several unit weights are used in Soil Mechanics. These are the bulk, saturated, dry,
and submerged unit weights.
The bulk unit weight is simply defined as the weight per unit volume

W

T = =
ARt
o I""

When all the voids are filled with water the bulk unit weight is identical to the saturated unit
weight, v.,;, and when all the voids are filled with air the bulk unit weight is identical with the
dry unit weight, v,

o F _rGtr.ed _ r,(G ted)
! bulk I 146 Tl
¥ (G +e
:fm':jh( 5 E) Szl
- l+e
v G
yu'l']':/t - S:O
T ]+e




Important Notes

s [ry not to memorise the equations. Understand
the definitions, and develop the relations from the
phase diagram with Vg = 1;

sAssume Gg (2.6-2.8) when not given;
sDo not mix densities and unit weights;

sS0il grains are incompressible. Their mass and
volume remain the same at any void ratio.




A Suggestion..

air

phase relations, that should be ..

It you can remember one thing in

/




Relationship among unit weight, porosity, and moisture
content:

Consider a soil with a total volume equal to one V=1

Weighl Volume
———
= 7 ‘.L. - 7

W, =wGy, 1 —n)

Y > e T Y V=1
A~ R A
W, = Gl — ) (S y, — |
v v Figure 3.5

o Soil element with total volume
L] Air E] water [ Solid equal to one




Volume
———g A

p e emm men e e Ctn e = S G m e S — e—

W, = Gy(1 — n)

RIS, (PR, J

Figure 3.6 Saturated soil element with total volume equal to on
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Table 3.1 Various Forms of Relationships for y, ¢, and y,,

Moist unit weight ()

Dry unit weight [y,

Saturated unit weight (y,,,)

Given Relationship Given Relationship Given Relationship
{I + 1”}".';5‘."”' T {G-_. + ﬂliln}r;.r-
e, Cr . . M} Feqy & :
#* | + e iy |+ w Gy | + e
o (G + Se)yw i Gy G, i [(1 = n)G, + nly.
G | + e I +e . (l*u,.)
3 LA .
’ {| + WGy, G.n Oyl — 1) s 1 + w TV
1!-1 L 5 1 + ulll-:;_-. G ?ﬂ 5 (’;.\TH‘ I + wlll
T wr W Ty U, o
s | +(£) el wal\ I te }°
w,Gon Gyl =)l + w) 3 ( + i, )
. : i, W 1 :
55" {:l:;l " G!TH'{] - ﬂ) + ﬂ.b'}'lul e, wr .l-'.' & - :“]-..|[ ‘F“
(1 + e)w 2
€Y Y ¥ Yot (I i ﬁ)h
Y € Ysm = ¥
Yan P Yo+ 0y
¥ 1 Y = Yu 15
(i = Y Yo 3 (' - 'L*.')T" T e
T‘-:nl' Gﬁ . . '
(G, = 1) Yo Wey vl + wy)




lable 2.2 Void Ratio, Moisture Content. and Dry Unit Weight
lor Some Typical Soils in a Natural State

Natural moisture
content in a

Void saturated Dry unit weight, ¥,
Type of soil ratio, e state (%) (kN /m?°)

Loose uniform sand 0.8 30 14.5
Dense uniform sand 0.45 16 18
Loose angular-grained

silty sand (.63 25 16
Dense angular-grained

silty sand 0.4 15 14
Stff clay 0.0 21 17
Soft clay 0.9-1.4 30-30 11.5-14.5
Loess (0.9 29 13.5
Soft organic clay 2.5-3.2 90-120) 68

Glacial ull 0.3 10 21




Relative density

The term relative density is commonly used to indicate the in
situ denseness or looseness of granular soil.
It is defined as:

D €max — €

EITIE.Z'. EITIII'I

lable 3.3 Qualitative Description of Granular Soil Deposits

Relative density (%) Description of soil deposit
0-15 Very loosc
15-50 Loose
50-70 Medium
70-85 Dense

85-100 Very dense




B

0.8 — — ._&l_]\'_.\__c s

0.6

Voud ratio. ¢

0.0 T 7 I T 1
0 20 40 60 80 100

Percent fines (by volume)
T €max ® €5

Figure 3.8 Vanation of ¢, and ¢,,,, (for Nevada 50/80 sand) with percentage of non-plastic fines
(Redrawn from Lade et al, 1998. Copyright ASTM INTERNATIONAL. Reprinted with permission.)



Phase Relations Examples



In its natural condition a soil sample has a mass of 2290 g
and a volume of 1.15x10-3 m3 . After being completely
dried in an oven the mass of the sample is 2035 g. The
value of G for the soil is 2.68. Determine:

1. the bulk density, =M,/V,, =2.290 kg/ (1.15x103m3)
=1991.3kg/ m3

2. unit weight= density *g = 1991.3*%9.806/1000
=19.527kN/m?3

3. water content, =M, /M, = (2290-2035)*100%/2035
=12.53%

4. void ratio, =V /V,, Gs=M_/V, ,vs=2.035/(2.68*1000)
=7.593x10-4m3, e= (1.15x103m3- 7.593x10*m3)/ 7.593x10"
“m3=0.515



* 5- porosity,n=v, *100%/v, = (1.15x103m?3-
7.593x10*m3)*100%/ (1.15x103m?3) =33.97%

* e6-degree of saturation =V,,/V,, 1000=M/V,,
V,=(2.290-2.035)/1000 = 2.55x10*m3, S =
2.55x10%m3*100% /(1.15x103m3-7.593x10"
“m3)=65.3%



* 7 -air content. A=V_*100%/V, , V,=Vw+Va

* oV, =(1.15x10-3m3-7.593x10_,m3)-(2.55x10-
4m3)= 1.357x10*m3

e oA=1.357x10-4m3 *¥*100%/ 1.15x103m3
=11.8%



EXAMPLE 2

The mass of a moist soil sample having a volume of 0.0057 m* is 10.5 kg. The mois-

ture content (w) and the specific gravity of soil solids (7)) were determined to be
13% and 2.68, respectively. Determine

a. Moist density, p (kg/m*)

b. Dry density, p; (kg/m?)

c. Void ratio, ¢

d. Porosity, n

e. Degree of saturation, § (%)

Solution
a. From Eq. (3.13).

_M _ 105 .
P = < 00057 1842 kg/m
b. From Eqs. (3.21) and (3.22).
_ P _1342_ s
Pe™ 1w w | _ 13 et
c. From Eq. (3.22),
Gy ~ (2.68)(1000) -
& = oy 1 = 1630 1 = .64
d. From Eq. (3.7),
n = — 004 _ 03w

1l +e¢ 1+ 0.64

e. From Eq. (3.18),

S(%) =

wG, {(0.13)(2.68)
x 100 = —- = 100 = 54.49%
e 0.64



EXAMPLE 3

The saturated unit weight, y,. of a soil is 19.5 kN/m”, and the specific gravity of
soil solids is 2.65.

a. Derve an expression for y, in terms of v, ¥.. and G,
b. Using the expression derived in part (a), determine the dry unit weight of

the soil.
Solution
a. From Eq. (3.19),
G, Y. + Y,
VYaat 1 + e

e 2 GYe Y. LG Yt Ve ~ Ve —e¥e _ YlG, = 1)
Yea Ve 1 + ¢ LL ] + ¢ 1 + ¢

N _ Y G, —1)G,  vdG, — 1)
L (1 + e)G, G,
or

o (‘Fﬂ ._-__?ﬂ'}G-l
¥d G — 1

b. Given that v, = 19.5 kN/m”' and G, = 2.65.

= D = yu)G, (195 — 9.81)(2.65)

3
e e 15.56 kN/m -

Yat



EXAMPLE 4

In its natural state, a moist soil has a volume of 0.33 ft7 and weighs 39.93 1b. The
oven-dried weight of the soil is 34.54 |b. If G, = 2.67, calculate

a. Moisture content (%)

b. Moist unit weight (Ib/ft)

c. Dry unit weight (Ib/ft?)

d. Void ratio

e. Porosity

f. Degrece of saturation (%)

Solution
a. From Eq. (3.8),

w =

w,, 39 93 — 34.54
- 3:34 (100) - 15.6%

b. From Eq. (3.9),

w” 39.93
y = = 033 — 121 b/ et
c. From Eq. (3.11).
W 34.54 2
Ya = 033 104.7 Ib/fe

d. The volume of solids 1s

w, 34.54

Ve = Gore = (2.67)(62.9)

= 0.207 ft?

Thus,
V, =V — V., =033 — 0.207 = 0.123 ft’
The volume of water is
W, 39.93 — 34.54
V , == L_ L — = — j— % A
&S o 3.4 0.086 ft

Now, refer to Figure 3.7, From Eq. (3.3),




EXAMPLE 4

V, 013
Y

o Ve _ 0086
V, O.12]

/

= (1,699 = 69.9%




EXAMPLE 5

For a saturated soil, given w = 40% and G, = 2.71, determine the saturated and
dry unit weights in ib/ft’ and kN/m".

Solution
For saturated soil, from Eq. (3.20).

e = wG, = (04)(2.71) = 1.084
From Eq. (3.19).

(G, + €)yu _ (271 + 1.084)62.4

4 - ]
| +e | + 1.084 R e

Y =

Also,
- 3
(ln(’)(ﬁ"4) 17.86 kN/m

From Eq. (3.16),

GYu _(2.71 N62.4)

o 3
l + ¢ 1 + 1.084 WAL W

i
Also,

981\ "
- (81. 1)(624) = 12,75 kN/m



EXAMPLE 6

The mass of a moist soil sample collected from the field i1s 465 grams, and its oven
dry mass is 405.76 grams. The specific gravity of the soil solids was determined in
the laboratory to be 2.68. If the void ratio of the soil in the natural state is 0.83,
find the following:

a. The moist density of the soil in the field (kg/m™)

b. The dry density of the soil in the field (kg/m")

¢. The mass of walter, in kilograms, to be added per cubic meter of soil in
the field for saturation

Solution
Part a
M, 465 — 405.76 _ 59.24

M 405.76  405.76

N

o = 14.6%

From Eq. (3.21).
G + wGp,,  Gpl + w)  (2.68)(1000)(1.146)

a0l T 1 + e 1.83

= 1678.3 kg/m’
Part b
From Eq. (3.22),
(_;,;JJL i {2.&8_)(](!‘1(}]

i i 7 a
Pa= T o s 1468.48 kg/'m

Partc
Mass of water to be added = p_,, — p
From Eq. (3.23),

Gp,, + ep,

PG, + )  (1000)(2.68 + 0.83)
Prax = IR BEEE S RE

1 + e L + e 1.83
So the mass of water to be added = 1918—1678.3 = 239.7 kg/m°.

= 1918 kg/m’



EXAMPLE 7

For a given sandy soil, e,,, = 0.82 and ¢, = 0.42. Let G, = 2.66. In the field, the
soil is compacted to a moist density of 1720 kg/m® at a moisture content of 9%.
Determine the relative density of compaction.

Solution
From Eq. (3.21),

(1 +w)Gp,

e 1 +e
or
Gl + w 2.66)(1000)(1 + 0.09) *
o Pul )_]:( J(1000)( _1.__|:0’686
p 1720

From Eq. (3.30),

€rax — € = 0.82 - 0.686
Cons ™ Coia .82 — 0.42

D, = = 0335 = 33.5%



PLASTICITY AND STRUCTURE OF
SOIL



Plasticity:

The ability of a soil to undergo unrecoverable deformation at a\|
e

constant volume without cracking or crumbling of the soil, due to th
presences of clay minerals or organic material.

Consistency: the physical state of a fine-grained soil at a particular
water content.




Atterberg Limits

# Border line wrater contents, separating
the different states of a fine grained

soil

| | | |
' ' ' ' vwater
Shrinkage 0 Plastic Liquid

. . . . . . content

lirmit limit lirmit
L i N i J

N " " h
krittle- semi- plastic liguicl

soxlicl solid




Atterberg
cAlbert Atterberg was a Swedish chemist and agricultural scientist.

*Conducted studies to identify the specific minerals that give a clayey soil its
plastic nature

In each state the consistency and behavior of a soil is different and thus so are
ItS engineering properties.

*The boundary between each state can be defined based on a change in the
soil's behavior.




Volume, V

Liquid: soil behaves like a thick or thin viscous fluid

Solid | Semi—Solid | Plastic | Liquid
| | | = W(%)
0 Shrinkage Plastic Liquid
Limit (SL) Limit (PL) Limit (LL)
1 : ; --'—-'_.__.--
; i T
X : ’____,-""" |
' [ 1
1 P e ! '
: ; f - W(%)
: ' : c
: ' :
o o o o
€ | E " € ! £
! L
O
Soil Consistencies:

Solid: soil i1s hard and brittle

Semi—Solid: soil has combined brittle/ductile behavior (like stiff cheese)

Plastic: soil has very ductile. malleable behavior




Liquid limit

eThe liquid limit (LL) is the water content where a soil changes from liquid to
plastic behavior

eDetermined using a Casagrande cup (lab) or cone penetrometer (field)




> Sori/ Classrifrcation

> Seepage through

earth structures

> Shear Strength

Best Teacher in The
Harvard University

RTHUR CASAGRANDE
(1902 - 1981)







he moisture content, in percent, required to close a distance of 127mm (o5 in.) along the
bottom of the groove (see Figures c and d (after 25 blows is defined as the liquid limit.)

Section
—i 1 e
mm ¢
w & mm
1 1‘

—D] |<_

2 mm

Plan

o




liquid limit (LL) is defined as:
The moisture content, in percent, required to close a distance of
12.7 mm (0.5 in.) along the bottom of the groove after 25 blows.

« #of blows should be within 35-15blows.




Moisture content (%)

45

40

N

/ Flow curve

Liquid limit = 42

20 25 30 40 50
Number of blows, N (log scale)

flow index —> I, = — N
Iog( 2)




flow line can be written in a general form as:

-
|

ix
|
k

w = —Iglog N + C = e

Ls
|

ilinsiure contenii )

Munsier of Blams, & [lap =oale]

the U.S. Army Corps of Engineers proposed an empirical equation for estimating the LL

N tan O
* Note: good results for N between ( (30-20blows.
I_..r [,.-' — ?#L-’hr —
23

tan B — (]_ ] 3 ] * Note: diff. B for diff. soil types




[Fall Cone method (British Standard—BS. (1377

LL= moisture content at which a standard cone of apex angle 30 and weight ol]

.78 N will penetrate a distance d = 20 mm in 5 seconds when allowed to drop
from a position of point contact with the soil surface.

\
W “7f Weight, W = 0.78 N
\\30D

\
\
\ /
/

e e X N [P Oh W AP Or
eyt d| PR AENS S8
A Ot L B SATEAY TRAGATE

Cated tas g d oLl

.| 40 mm barone 0ot is Vato

LI A L

__.'-",l.-'\-“-

(YOS "‘ VLS 'J ‘.'_.'

-.'s.\‘.(- \'~>"..- - "
le— 55 —!
| 22 mm




*Note:
A semi-logatithm

=.

C

40 /./
________________ Liquid limit

Moisture content, w (%)

30 T T T i
10 20 40 60 80 100
Penetration, d (mm)

W,y (%) — w, (%)

flow index — [~ =
£ logd, — log d,




Plastic limit

eThe plastic limit (PL) is the water content (W% ) where soil starts to exhibit plastic behavior.
eThe moisture content in percent, at which the soil crumbles, when rolled into threads of 42

mm ( in.) in diameter} ! I 1 <
2 : 3 S water content
0 Shrinkage Plastic Ligquid
limit limit limit
LN I - N - >
Y P 2 T =7
brittie- semi- solid plastic liquid

solid




Fall Cone method (British Standard.(

LI:’L= moisture content at which a standard cone of apex angle 30 and
eight of 2.35 N will penetrate a distance d =20 mm.

W =078 N

70 )

Liquid limit <————;

g ,
= 60 — (&)
= / ;' Cone weight,
J : ; e
= Plastic limit / «——— W =235N
< 4 [
= I
= = . ® I
é 50 ‘ I
= I
|
I
I
|
I
| e / ]
40 i T 1 T | 1
| 2 5 10 20 50

Cone penetration, & (mm)




Mineral Liquid limit, LL Plastic limit, PL

Kaolinite 35-100 20-40
[llite 60-120 35-60
Montmorillonite 100-900 50-100
Halloysite (hydrated) 50-70 40-60
Halloysite (dehydrated) 40-55 30-45
Attapulgite 150-250 100-125

Allophane 200-250 120-150




Shrinkage limit

eThe shrinkage limit (SL) is the water content where further loss of moisture will
not result in any more volume reduction

eThe shrinkage limitis much less the liquid limit commonly used than and the
plastic limit.




Plasticity Index

eThe PI is the difference between the liquid limit and the plastic limit
(PI = LL-PL)

Pl =1LF — Pl

eThe plasticity index is Important in classifying fine-grained soils.

eComments:
mHigh PI tend to be clay
mLow PI tend to be silt
mPI of 0tend to have little or no silt or clay.




Plasticity Index (Pl)

Range of water content over which the soil remains plastic

Plasticity Index = Liquid Limit — Plastic Limit

1
I L] 1

water content

o Shrinkage Plastic Liquid
limit limit Iimit
o= =
—

plastic




Plasticity Index (PI(

<Clay soils with high SSA’s and charged particles will be able to hold a large amount of water between
grains due to their charge field and the polar nature of water molecules.

Clay soils with high SSA’s and charged surfaces are able to bind/assimilate water molecules and the
overall soil will still behave as a plastic solid. Such soils will have high plasticity indexes.

(’W

— + rr\ —_3 [

=2 %’\—»‘EE >Ny

=) s |

T e el

S @G == |

::) ) g S

= & > L Soils with comparatively lower SSA’s will not be able

K= - | i - | . .. .

e P W & L to bind/assimilate water molecules and thus will have

much smaller Pl values.




Pi

Description

1-5

5—-10
10-20
20—-40
=40

Nonplastic

Slightly plastic
Low plasticity
Medium plasticity
High plasticity
Very high plasticity




Skempton observation:

24

Plasticity index

Activity

The Pl of a soil is a measure of the activity A of the soil grains.

100 —
80 — 7 2
I/ /
e 0
60 —
E ~
o -~
// = .//
/ }/a/o e -
40 — / 2 e —x
(=3
/‘/ // /
/ // = ]
20 aAdha” L 4 g
~ / ""/—_
0 . I
0 20 40 60

Percentage of clay-size fraction (<2 gm)

Shellhavenclay A = 1.33 a Wealdclay A

® Londonclay A = 0.95

80

= (.63

+ Hortenclay A = 0.42

100




Based on the results, Skempton defined the activity as the
slope of the line correlating Pl and ht renif %an 2 mm.

Pr
A = - = = = = =
( “eof clay-size fraction. by weight)
Pr
.-’4. — . . - - - "
Coof clay-size fraction — C




> Fundamentals of
effectrive stress

» Pore pressures /n
clays

> Bearing capacrty
- f > Slope stabrlity
Best Teacher in The

Imperial College in The
University of London

ALEC WESTLEY SKEMPTON
(1914 — 2001)




Plasticity index

400 —
485

300
200 -
100 - 1.05

1.52

.96

0.36
0 T T T T T
0 20 40 60 S0 100

Percentage of clay-size fraction (<<2u)

= Commercial bentonite

® Bentonite/kaolinite—4: 1
o Bentonite/kaolinite—1.5: 1
4 Kaolinnte/bentonite—1.5: 1

W Kaolinite/bentonite—4 : 1

3 Kaolmnite/bentonite—9 : 1

v Kaolmnite/bentonite—19 : 1
v Commercial kaolinite




contained in a soil.
For example:

Mineral

Kaolinite

Illite

Montmorillonite
Halloysite (hydrated)
Halloysite (dehydrated)
Attapulgite

Allophane

The activity A of a fine—grained soil can be useful in identifying the type of clay

Activity, A

0.3-0.5
0.5-1.2
1.5-7.0
0.1-0.2
0.4-0.6
0.4—1.3
0.4—-1.3




Liquidity Index and Consistency Index

The relative consistency of a cohesive soil in the natural state can be defined by a ratio called
tthe liquidity index
eLiquidity index is a measure of sensitivity...

T 7 — e — JF,
r.r. — Pr.
r'r=0 rLr=1
1 1 =1
: : » Moisture content. w
1 1
Pl Lr




Liquidity Index and Consistency Index

Consistency index (CI), may be defined as:

LL —w
LL — Pl

Cl =




Plasticity Chart

70 —

60 —

Plasticity index

I
0 20 40 60 S0 100

Liguid limit

Cohesionless soil [C] mnorganic silts of medium compressibility
Inorganic clays of low plasticity and organic silts
Inorganic silts of low compressibility [l Inorganic clays of high plasticity

Inorganic clays of medium plasticity ] Inorganic silts of high compressibility and
organic clays

HER0




INDEX PROPERTIES AND SOIL
CLASSIFICATION



Fable 2.3 Panbcle-Siae Classilicaiioes

Name of organication

Missachusens Institute of Technology
iAIT)

LS. Department of Agnoulure
iUSDA)

Armerican Associalion of Siac
Highway and Transportation
Oifecials ( AASHTON

Unified Sodl Clazsification Sysiem
(LS. Army Corps of Enginecers, LS.
Bureau of Reclamation, and Amencan
Socicty for Testing and Matenals)

'l-l
[N

W
o

T2 o X

2 o 4,75

Grain size (mrm]

Sand Silt Clay
210 (LM K gy R N2 < LNE
2o (0 S 0.05% 1o ({12 <IN
2o (OIS 0075 qo D2 < (>

4. 75w OLOTS

Fines
{ie.. silis and clays)
<7




Massachusetts Institate of Technology

U.S. Department of Agriculture

American Association of State
Highway and Transportation Officials

Unified Soil Classification System

100 10 1.0 0.1 0.01 0.001
Grain size (mm)

M Gravel B Sand [ it Silt and clay O Clay

Figure 2.7 Soil-separate-size limits by various systems




Figure 2.8 Scanming electron micrograph of some sand grans (Coartesy of David ). White, lowa
Stare University, Ames, lona)




Qpeciﬁc Gravity

Specific gravity is defined as the ratio of the unit weight of a given material to

the unit weight of water.
5




FTable 2.4 Specific Gravity of Common Minerals

Mineral Specific gravity, G.
Quartz 2.65
Kaolinite 2.6
Illite 2.8
Montmorillonite 2.65-2.80
Halloysite 2.0-2.55
Potassium feldspar 207
Sodium and calcium feldspar 2.62-2.76
Chlorite 2.6-2.9
Biotite 2.8-3.2
Muscovite 2.76-3.1
Hornblende 3.0-3.47
Limonite 3.6—4.0
Olivine 32737




Soil-Particle Size

lable 2.3 Particle-Size Classifications

Grain size [mm)

Name of organization Gravel Sand Silt Clay
Massachusetts Institute of Technology >2 2 10 0.06 0.06 1o 0.002 <0.002
(MIT)
U.S. Department of Agriculture =2 2 10 0.05 0.05 1o 0.002 <0.002
(USDA)
American Association of State To2 o2 2 to 0.075 0.075 vo 0.002 <0.002
Highway and Transportation
Officials (AASHTO)
Unified Soil Classification System T6.2to0 4.75 4.75 12 0.075 Fines
(U.S. Army Corps of Engineers, U.S. (i.c.. silts and clays)
Bureau of Reclamation, and American <0.075

Society for Testing and Malerials)

Nete: Sieve openings of 4.75 mim are found on a U.S. No. 4 sieve; 2-mm openings on a U.S. No. 10 sieve;
0.075-mm openings on a UL5. No. 200 sieve. See Table 2.5.




Massachusetts Institute of Technology

U.S. Department of Agriculture

American Association of State
Highway and Transportation Officials

Unified Soil Classification System

100 10 1.0 0.1 0.01 0.001
Grain size (mm)

MW Gravel [ sand [ sit B sitand clay [ Clay

Figure 2.7 Soil-separate-size limits by various systems




«Coarse-grained soils

*These include sands, gravels and larger particles.

For these soils the grains are well defined and may be seen by the naked
eye

*The individual particles may vary from perfectly round to highly angular.




*Fine-grained solls

*These include the silts and clays

Silts : These can be visually differentiated from clays because they
exhibit the property of dilatancy. If a moist sample is shaken in the hand

water will appear on the surface. If the sample is then squeezed in the
fingers the water will disappear.

*Clays : Clays exhibit plasticity, they may be readily remoulded when
moist, and if left to dry can attain high strengths




Organic

*These may be of either clay or silt sized particles.

eContain significant amounts of vegetable matter.

*The soils as a result are usually dark grey or black and have a
noticeable odour from decaying matter.

*Generally only a surface phenonomen but layers of peat may be
found at depth.

*These are very poor soils for most engineering purposes.




Mechanical Analysis of Soll

Mechanical analysis: is the determination of the size range of particles
present in a soil, expressed as a percentage of the total dry weight.

Two methods generally are used to find the particle-size distribution of soil:

sieve analysis—for particle sizes larger than o075
mm in diameter, and

*hydrometer analysis—for particle sizes smaller than
0.075 mm in diameter.




Table 2.5 U.S. Standard Sieve Sizes

Sieve no. Opening (mm) Sieve no. Opening (mm)
4 4,75 35 0.500
5 4.00 40 0.425
6 3.35 50 0.355
7 2.80 60 0.250
8 2.36 70 0.212

10 2.00 80 0.180
12 1.70 100 0.150
14 1.40 120 0.125
16 1.18 140 0.106
18 1.00 170 0.090
20 0.850 200 0.075
25 0.710 270 0.053
30 0.600




Sleving procedure

(1) Write down the weight of each sieve as well as the bottom pan to be used in the
analysis.

*(2) Record the weight of the given dry soil sample.

(3) Make sure that all the sieves are clean, and assemble them in the ascending
order of sieve numbers (#4 sieve at top and #200 sieve at bottom). Place the pan
below #200 sieve. Carefully pour the soil sample into the top sieve and place the cap
over it.

*(4) Place the sieve stack in the mechanical shaker and shake for 10 minutes.

*(5) Remove the stack from the shaker and carefully weigh and record the weight of|
each sieve with its retained soil. In addition, remember to weigh and record the
weight of the bottom pan with its retained fine soil.




Data Analysis:

(1) Obtain the mass of soil retained on each sieve by subtracting the weight of
the empty sieve from the mass of the sieve + retained soil, and record this
mass as the weight retained on the data sheet. The sum of these retained

masses should be approximately equals the initial mass of the soil sample.
A loss of more than two percent is unsatisfactory.

(2) Calculate the percent retained on each sieve by dividing the weight
retained on each sieve by the original sample mass.

(3) Calculate the percent passing (or percent finer) by starting with 100

percent and subtracting the percent retained on each sieve as a cumulative
procedure.
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Figure 2.22 Particle-size distribution curve




Hydrometer (Fine)

*To determine the grain size distribution of material passing the 7sum sieve.

*The soil is mixed with water and a dispersingagent and allowed to settle to the
bottom of a measuring cylinder.

*As the solil particles settle out of suspension the specific gravity of the mixture
reduces The hydrometer is used to record the variation of specific gravity with time.

By making use of Stoke’s Law, which relates the velocity of a free-falling sphere to its

diameter, the test data is reduced to provide particle diameters and the % by weight
of the sample finer than a particular particle size.

Ps — Pw o ) L (cm) / 307
v=58"FBrp2 5 p = : K= \J7& :
— (i) ety = > Jee =




I

5 60

T

Figure 2.23

ASTM 152H hydrometer
(Courtesy of ELE
Internanional)




Figure 2.24 Definition of L in hydrometer test




Particle-Size Distribution Curve

Unified classification

Sand Silt and clay
Steve anulvsis Hydrometer analysis
Sieveno, 10 16 3040 60 100 200
100 L l | 1 | 1 |
\L‘_‘
80 4
. "
2 60 - R
g
E
g 40~
20 +
0 T T T T T T T T T 1
5 21 05 02 01 005 002 0010005 0002 0001

Particle diameter (mm)—log scale
@ Sieve analysis 4 Hydrometer analysis

Figure 2.25 Particle-size distribution curve—sieve analysis and hydrometer analysis




A particle-size distribution curve can

be used to

determine the following four parameters:

*Uniformity coefficient: (Cu)
Coefficient of gradation: (Cc)
Sorting coefficient: (S0)

Effective size (D noitubirtsid ezis-elcitrap eht ni retemaid eht si retemarap sihT :(10
curve corresponding to 10% finer. The effective size of a granular soil is a good
measure to estimate the hydraulic conductivity and drainage through soil.
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Figure 2.26 Definition of Dy, Dyy, D3y, Dy, and Dy,
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Figure 2.27 Dilferent types of
particle-size distribution curves




F

The particle-size distribution curve is shown in Figure 2.28.
i £

100

80

60 |-~

Percent finer

40
30
20
10
0 1 ] ]
10 5 3 | 0.5 0.3 0.1 0.05

Figure 2.28

Particle size (mm)

Particle-size distribution curve




particle shape

generally can be divided into three major categories:
*Bulky

*Flaky

*Needle shaped

Bulky particles are formed mostly by mechanical weathering of rock
and minerals.
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Grain Size Distribution

Examples



Example 2.1

Following are the results of a sieve analysis. Make the necessary calculations and
draw a particle-size distribution curve.

Mass of soil retained

U.S. sieve no. on each sieve (g

4 0

10 40

20 60

40 89

60 140

80 122

100 210

200 36

Pan 12




Solution
The following table can now be prepared.

Mass Cumulative mass
U.s. Opening retained on retained above Percent
sieve (mm) each sieve (g) each sieve (g) finer®
(1) (2) (3) (4) (5)
4 4.75 0 0 100
10 2.00 40 0+40 =40 94.5
20 0.850 60 40 + 60 = 100 86.3
40 0.425 89 100 + 89 = 189 74.1
60 0.250 140 189 + 140 = 329 549
80 0.180 122 329 + 122 = 451 38.1
100 0.150 210 451 + 210 = 661 0.3
200 0.075 56 661 + 56 = 717 =7
Pan - 12 T17+12=T729=3M 0
a
>M col.4x100=729 CO|'4><100

M 729



The particle-size distribution curve is shown in Figure 2.28.

100

Percent finer

20
10

10 5 3 1 0.5 0.3 0.1 0.05
Particle size (mm)

Figure 2.28 Particle-size distribution curve



Example 2.2

For the particle-size distribution curve shown in Figure 2.28 determine

d. DlO’ D30. and Dw

b. Uniformity coefficient, C,
c. Coefficient of gradation, C.

Solution
Part a

From Figure 2.28,

Part b

D|0 — 0.15 mim
D+ = 0.17 mm

Dy = 0.27 mm
D, 0.27
C,=—=——=138
“ Dy 0.15
D5, (0.17)°

= 0.71

*~ D X Do (0.27)(0.15)



Example 2.3

For the particle-size distribution curve shown in Figure 2.28, determine the percent-
ages of gravel, sand, silt, and clay-size particles present. Use the Unified Soil
Classification System.

Solution
From Figure 2.28, we can prepare the following table.

Size (mm) Percent finer
i L 100 — 100 = 0% gravel
vl = 100 — 1.7 = 98.3% sand
0.075 1.7 : Sy

~ 0 1.7 = 0 = 1.7% silt and clay




Table 2.3 Particle-Size Classifications

Grain size (mm)
Name of organization Gravel Sand Silt Clay
Massachusetts Institute of Technology >2 210 0.06 0.06 to 0.002 <0002
(MIT)
US. Department of Agriculture >2 210005 0.09 t0 0.002 <0.002
(USDA)
American Association of State 762102 2100075 0075100002  <0.002
Highway and Transportation
Officials (AASHTO)
Unified Soil Classification System 76210475 475100075 Fines
(U.S. Army Corps of Engineers, U.S. (1.6., silts and clays)
Bureau of Reclamation, and American <0073

Society for Testing and Materials)




CLASSIFICATION OF SOIL



Soil Classification

*Different  Soils with similar properties may be
classified into groups and sub-groups according to their engineering behavior.

Classification systems provide a common language to concisely express the

general characteristics of soils, which are infinitely varied, without detailed
descriptions.




Textural Classification

*Texture of solil refers to its surface appearance. Soil texture is influenced by the size of
the individual particles present in it.

*Table 2.3 divided soils into gravel, sand, silt, and clay categories on the basis of particle
Size. In most cases, natural soils are mixtures of particles from several size groups.




Textural Classification

In the textural classification system, the soils are named
after their principal components, such as sandy clay, silty

clay, and so forth.

*, 3 Panicle-Size Classifications
Grain size (mm)

MName of organization Grawvel Sand Silt Clay
Massachusetts Institute of Technology =32 2 to 0.06 0.06 o 0002 <0002
(MIT)
U.S. Department of Agrculture =2 2 to 0.03 0.05 to 0,002 = 0.002
(USDA)
American Association of Stale 762 w2 2 1o 0075 0,075 1o 0.002 = 0,002
Highway and Transportation
Ofhcials (AASHTO)
Unilicd Soil Classificalion System 76.2 to 4.75 4.75 1w 0.075 Fincs
(ULS. Armmy Corps of Engineers, U.S. {i.e.. silts and clays)
< 0.075

Bureau of Reclamation, and American
Society for Testing and Malerials)

Note: Sieve apenings of 4.75 mm are found on a US. No. 4 sieve; 2Z-mm openings on a U5, No. 10 sieve;

0.075-mm openings on a U.S. No. 200 sieve. See Table 2.5




This chart is based only on the fraction of soil that passes through the No. Z0sieve
0

&
& %
=7 [
= 50 S
= o
= o
& \/ 60 “Z
40 \Va

T — Cla} loa’xnv Xoil\ / 'Slllly clay 0
/ T - oam
v Sandy clay” .
l()zim > /
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S Silty loam®s, [/
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Sandy loam .
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0—X Ay 3 ~ - N < <
100 g0 30 70 60 S0 40 30 20 10 0

Percentage of sand

Figure 5.7 U.S. D(:lmrnm:nl of Agriculuu'u textural classilication




Example.
If the particle-size distribution of soil A shows 307% sand, 407 silt, and 307% clay-size
particles, determine its textural classification?

Solution.
This soil falls into the zone of clay loam

O

Cllay loam

. = A

Sandy clay
Focam

10 -
Sandy,

1
foxins,

\- b ‘~ b ‘\
100 o9C S0 TO &0

Foerventagze ol sand

Flagure 5.7 US. Department of Agriculuure textural classification




Example.

if a soil has a particle size distribution of 20% gravel, 10% sand, 30% silt,
and 40% clay, classify the soil according to textural classification system;

Solution:

the modified textural compositions is needed

, 10 < 100 _
Sand size: — — = 12.5%
100 — 20

30 x< 100

Silt size: — — = 37 .59
100 — 20

40 x 100 o

Clay size: = 50.0%
“ 100 — 20

Silty loaum a()
’

Clay or gravely Clay

\ N\ A Y Y LY . » Y .
100 00 S0 70 60 0 40 in 20 10
Percentage of sand

Figure 5.7 US. Depurtment of Agniculture wextural clussilication




AASHTO CLASSIFICATION SYSTEM

Soll is classified into seven major groups: A-1 through A-.7

*Soils classified under groups A-1, A-2, and A-3 are granular materials of which
35% or less of the particles pass through the No. 200 sieve.

*Soils of which more than 35% pass through the No. 200 sieve are classified

under groups A-4, A-5, A-6, and A-7 .These soils are mostly silt and clay-type
materials.




Teblfe 5.7 Clazssification of Highway Subgrade MMatcrials

General
classification
A-1
Group classification B-T-a A-1-b
Siewve analysis
(percentage passing)
Mo, 110 30 max.
M, &0 S} max. S0 max.
Pdos, 2000 15 max, 25 s
Chasrncterisics of Trsacioe
passing Mo, A0
Doicquick limmain
Plasricity index B max.
Usual ivpes of significant Stone fragmemis,
constitent materials gravel. and sand

Gieneral subgrade rating

General classification

Group classification

Mueve analysis (percentagze passing)
Pelew, 100
M. A0
Mo 2000
Characteristics of fraction passing Mo, 40
Liguid limit
Plasucity indcx
Lisual tvpes of sigmilicant consttuent materisls
General subgrode rating

Granular materials
{35% ar lass af total sample passing MNMa. 200)

B2
a-T B-F -4 B-2-5 = B-Z-T

S1 man.
100 oraens. A5 g A5 prae. 5 s A5 pnEx,

A0 max. 41 min. 01 A 41 min.
e B 10 max. 10 max. 11 min. 11 min.
Fine Silty or clayvey gravel and sand
sand

Excellent o pood

Silt-clay malterials
imore than 35% of total sample passing No. 200

A-T
A-7-5*
P § b5 P B=-7-6"
36 min. 3 min. 3G min. 3G min.
) ormax. 41 min. 400 A, 41 min.
o) rras. 10 max. TT mmuim. 11 min.

Billy =uils Clagyey soills

Fair o paoros

*For A-T7-5, P = LL — 30
"hor A-T-6. PT = LI. — 30




70

50 —

-

A-7-6

Plasticity index

20 -

10
A-2-4 A-2-5
A-5
0 T T T I T T T T 1
0 10 20 a0 40 50 60 70 80 0 100

Liquid limit

Figure 5.2 Range of liquid limit and plasticity index for soils in groups A-2, A-4, A-5,
A-6. and A-7




Unified Soil Classification System

This system classifies solls into two broad categories:

eCoarse-grained solls that are gravelly and sandy in nature with less than
50% passing through the No. 200 sieve.

.The group symbols start with a prefix of G or S. G stands for gravel or
gravelly soil, and S for sand or sandy soil.
*Fine-grained soils are with 50% or more passing through the No. 200 sieve.

.The group symbols start with prefixes of M, which stands for inorganic silt, C
for inorganic clay, or O for organic silts and clays.
.The symbol Pt is used for peat, muck, and other highly organic soills.




Other symbols used for the classification are
:W—well graded
P—poorly graded

L—Ilow plasticity (liquid limit less than 50)

*H—high plasticity (liquid limit more than 50)




fable 5.2 Unified Soil Classification System (Based on Material Passing 76.2-mm Sieve)

Group
Critaria for assigning group symbols symbol
Gravels N Clean Gravels C,=4and 1 = C. = 3* GW
More than 54)7 Less than 5% fines” C.<~d4andfor | > C_. >3 GP
O . (VTS PI < 4 or plots below “A™ line (Figure 5.3) GM
: ) relained on No. 4 ravels wi incs < 4 or plots ow ine (Figure 5.2
Canrss gralno;d g X 3 More than 12% fines™ £I > 7 and plois on or above *A” line (Figure 5.3) GC
More than 50% aof sSeve
reiaincd on Ne: 200 S ana Clean Sands C.=6and | =C, = 3° SW
Sogsals 0% or more of Less than 3% fines” C,.<-6andlor 1 > C. > 3' sp
coarse fraction . . - .
passes No. 4 Sands with Fines Pl = 4 or plots below “A™" line (Figure 5.3) SM
sieve More than 12% fines™ 1 > 7 and plots on or above “A™ line (Figure 5.3) SC
) Inorganic Pl = 7 and plots on or above “A™ line (Figure 5.3)° CL
Silts and clays Pl < 2 or plats below “A” Tine (Figure 5.3)° ML
Liquad It dess Liquid limi R .
: quid limit — oven dricd R
- - than 50 Organic <= .75 sce Ficure 5 3; OL. oom OL
Flgeaxutaed oots Liquid limit — not dricd St N
ﬁcd,(;;.::‘;:’?emb‘\cb Inareanic P plots on or above “A™ line (Figure 5.3) CH
S Silts and clays ;| ammy 27 plots below “A" line (Figure 5.3) MH
Liquid limit 50 ) Liguid hmat —oven dred.
ar more Organic Ligwdiimt—actoned: =< 0.75; s¢e Figure 5.3, OH zone OH
Highly Organic Saoils Primarily oreanic matter. dark in color, and organic odor P

“Gravels with 5 to 129 fine require dual symbols: GW-GM. GW-GC. GP-GM. GF-GC.
“Sands with 5 to 124 fines require dual symbols: SW-SM, SW.SC, SP-SM, SP-SC.

Dy _ (Dw)?

Da: DD

“If 4 = P/ = 7 and plots in the hatched area in Figure S 3, use dual symbol GC GM or SC SM.

"4 = Pi== 7 and plots 1n the hatched arca in Figure 5,3, use dual symbol CL-ML.

rC“ _—




S0 =

40 —

Plasticity index

O T 1 T T T T T I 1
O 10 16 20 30 40 50 60 70 0 90 100

Liquid Iimit

Figure 5.3 Plasticity chart




Group symbol Group name

GW —e <21 5% sand * Well-graded gravel
» = 15% sand = Well-graded gravel with sand
GP  — = 21 5% sond = Poorly graded gravel
o =1 5% sand -+ Poorly graded gravel with sand

GW-GM -~ ——» < 5% sand = Well-graded sand with silt

S =15% sand » Well-graded gravel with silt and and
GW-GC - » <1 5% sand » Well-graded gravel with clay (or silty clay)
» = 15% sand = Well-graded gravel with <lay and sand {or silty clay and sand)
GP-GM o = < | 5% sand » Poorly graded gravel with silt
= 15% sl = Poorly graded gravel with salt and sand
GP-GC - » <1 85% sand » Poorly graded gravel with ¢lay (or silty ¢lay)
~ =15% sand - Poorly graded gravel with clay and sand (or silty clay and sand)
GM ~ » < 5% sand - Silty gravel
=] 5% sl - Sitlty gravel with sand
GC > < 5% sand » Clayey gravel
e = 5% siawd » Clayey pravel with sand
GC-GM  ~ _ » < | 5% sand » Sily clayey gravel
= 5% samd = Silty clayey gravel with sand
SW — = < | 5% gravel -» Well-graded sand
T =15% gravel » Well-graded sand with gravel
SP —= » < |S% gravel - Poorly graded sand
> =15% gravel » Poorly graded sand with gravel

SW-S5M - = << 1 5% gravel = Well-graded sand with silt
A =] 5% gravel » Well-graded sand with silt and gravel
SW-8C = = < 15% gravel o Well-graded sand with clay (or silty clay)
T =15% gravel » Well-graded sand with clay and gravel (or silty clay and gravel)
SP-5M » < 15% gravel <= Poorly graded sand with silke
=] 5% gravel » Poorly graded sand with silt and gravel
SP-8C - = < 15% gravel - Poorly graded sand wath clay (or sailty clay)
T =] 5% gravel - Poorly graded sand with ¢lay and gravel (or silty clay and gravel)
SMo— = < | 5% gravel » Silty sand
e = 15% gravel - -+ Silty sand with gravel
SC  ——— > < 15% gravel —» Clayey sand
e = 15% gravel —= Clayey sand with gravel
SC-SM = = «J15% gravel » Sty clayey sand
T =] 8% gravel » Sihy clayey sand with gravel

Figure 5.4 Flowchart group names for gravelly and sandy soil (Source: From “Annual Book of
ASTM Standards, 04.08.” Copyright 2007 American Society for ‘lTesting and Materials.)




Creap ssmbol

P1=> Tand
I lots on or
T oabose
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A -line
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.U«sm-r' LI —aven dried
" AL —mot dricd

™ ﬁ'ltﬂ an
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L — oot divend

Foure 5.6 Flowehant group mames o imorgame silty and clayey sails (Sowrce: From “Annuad Bouk of ASTM Standards, G308,

for Testing and Materizls.)

> 4AS5SPlsSsT —=

< 7S |-

<0.78) —= OH ———
’

“<30% plas <=

" No.20u .
> CL<_
- -
~30% ples —
No 2 =

<30% plas ~—=

7 Now 200 =
CL-ML ‘-’.\
\'A -
—=30% plas =
N, 20x) -
x ~Z3Ve ‘ﬂ-. - _:;:
=" No.2
- ML <_
= 23
=304 plas <
No. 2040 =
- Ok — —= See Figure 5.0
<20% ples ——»
¥ No. 200 .
» CHI
~a =
=305 plas ~
No. 2 Sz
<20% ples -
" No.20a -
= MH-
a >,
Z=30% ples <~
Noo 2 =

= See Figure 5.6

< 15% plus Na. 200

15-29% phus No, 200 <
Y

S osand = % gravel
i

% <and < % geavel -

T -

<2 15% plus No. 200
~
% osand = % gravel . »
-

% sand < % gravel
.

=< 15%: plus Nau 204 -

15=-29% phus No. 200«
-

% osand = N gravel ~——
e

% sand < % gravel ——»
o

< 155 plus No. 200

15-29% phus No. 200 =

.

o osand = W ogravel e

-

Fosand < % gravel —— :
< 1584 plus Na. 24

15.29% phus No. 200 >

=

@ sand = W gravel _— -

.~

o osand < W ogyavel - »

-

sl = % gravel
sl < % gravel
< I5% grave] -~
=15% gravel
< IS% sand
= 15% sand

% sand = % gravel
% sand < % gravel
< IS grawed
=IS% gravel
< | 8% sand -
= | 5% sand

Zosand &= % gravel
@ sand < % gravel
< | S$% gravel
=15% grmel

< 15% sand

=15% sand -~

%osaind = F gruvel
% sand < % privel
< IS% gravel
=]15% gravel
= 15% sand
= 15% sand

2 sand = % pruvel
% osand < % gruvel
< IS% gravel
=15% gravel
== 15% sand ~
=1 5% sand -

Croap name

» Lean Slay

e Lzan Slay wath sasnd

- <o Lean clay wiath grave!
= Sandy lcam clay

e Sandy leam clay with sravel

» Genvelly lean chay
s Genvelly lean clay winh sand

-= Siliy <lay

= Silly <lay with sand
» Sily <lay with gravel
» Sandv salty clav

————— Samndy silty clay with gravel

= Gervelly sily Slay
* Cravelly =iy clay with sand

= il
= Silt with saod
e 50111 with gravel
» Sandy silt
» Sandy sl wicth gravel
» Gruvelly sih
= Cimrvelly =il with saexd

» Faachay

» Faa chay wah sand
> Faa clay wiah pruvel

= Sandy (sl clay

= Sandy (3 clay with gravel
Giravelly 1t clay
> Gravelly fat Clay with sand

» Elnstic sile
e Flzstic <ile with <and
o Elastic sils wiih gruvel
- Samdy elieclic sill
= Sandy clasiic <t with gravel
~o Ciravelly claotic silt

e Grave ly elastic silt with sand

Copyrnight 2007 Amencan Socely




Group symbol AOup nanw

<<30% plus No. 200 ~—>» << 1 5% plus No, 200 ~» Organic clay
7 T 15-29% plus No. 200 ~———»> % sand = % gravel —» Orgamic clay with sand
P TR G sand < % gravel -+ Organic clay with gravel
_w % sund = % gravel —e——p <15% gravel - -» Sandy organic cluy
1= 4 and plots <> =30% plus No, 200 <__ T =]5% gravel » Sandy organic cluy with gravel
on or above A % sund < % gravel ————> <15% sand » Gravelly organic clay
A Addine TR =15% sand » Gravelly organic clay with sand
oL < 30% plus No. 200 ——» < 15% plus No. 200 » Organic silt
,.-" TR 15-29% plus No. 200 » % sand = % gravel » Organic silt with sand
T o sand < % gravel » Organic silt with gravel
" __» % sand = % gravel —e——» <15% gravel » Sandy organic silt
1< 4 or plots © —» 230% plus No. 200 < T 2 5% gravel ———————— Sandy organic silt with gravel
below A-line TR g sand < % gravel ———* <|5% sand = Gravelly organic silt
TR 215% sand = Gravelly organie silt with sand
=230% plus No. 200 ——— << 15% plus No, 200 » Orgamic clay
>4 TR 15-29% plus No, 200 » % sand = % gravel » Organic clay with sand
P TR G sand < % gravel » Organic clay with gravel
g v % sund = % gravel ———> </15% gravel > Sandy organic chiy
Plots on or <~ » =30% plus No. 200 < T =15% gravel » Sandy organic cluy with gravel
- above A-line TR 5 sund < % gravel ~ —1 <153% sand ——————» Gravelly organic clay
§ 3 = =15% sand = Gravelly organic clay with sand
-
OH < <30% plus No. 200 ~————» < 15% plus No. 200 » Organic silt
N\ ol TR 15-29% plus No. 200 > % sand = % gravel ——— Organic silt with sand
T g osand < G gravel ———= Organic silt with gravel
"‘ 4 o % sand = % gravel —=———> <15% gravel ————————— Sandy organic silt
Plots below < =30% plus No. 200 <" T =15% gravel ————————————» Sandy organic silt with gravel
A-line * % sand < % gravel —=—> <15% sand - Gravelly erganic silt
T =15% sand » Gravelly organic silt with sand

Figure 5.6 Flawchart group names for organic silty and clayey soils (Sowrce: From “Annual Book of ASTM Standards, 04,08 Copyright
2007 American Society for Testing and Materials,)




MIDDLETON PEAT

SR

PORTAGE PEAT FOND DU LAC PEAT

100

Figure 5.8 Scanning clectron micrographs for four peat samples (After Diowian and Edil,
(980, Copyright ASTM INTERNATIONAL. Reprinted with permission, )




Table 5.3 Properties of the Peats Shown in Figure 5.8

Maisture Specific Ash

content Unit weight gravity, content
Source of peat (%) (kN /m?) G, (%)
Middleton 510 9.1 1.41 12.0
Waunpaca County 460 0.6 1.68 15.0
Partage 600 9.6 1.72 19.5
Fond du Lac County 240 10.2 1.94 39.5




Table 5.4 Comparison of the AASHTO System with the Unified System®

iﬁt:niilﬂgg:'fr‘:_% Comparable soil groups in Unified system
systam Maost probable Possible Possible but improbable
A-1-a OGwW, GP SW, 5P GM, SM
A-1-b SW, 5P, GM, sM oGP
A-3 SP SW, GP
A-2-4 GM, SM GC, SC GW, GE 5w, 5P
A-2-5 GM. SM GW, GP. SW. SP
A-2-6 GC, SC Gh, SM GW, GP. 5W, SP
A-2-T GM., GC, S5M, 5C — oW, GP. S8W., 5P
A4 ML, OL CL. SM, S5C GM. GC
A-5 OH, MH, ML, OL —_ SM, GM
A-0 CL ML, OL, SC oC. GM, SM
A-T-5 OH, MH ML, OL., CH G, SM, GC, SC
A-T-6 CH, CL ML, OL., SC OH, MH, GC, GM, SM




Table 5.5 Comparison of the Unified System with the AASHTO System®

Soil group
in Unifiad
system

GwW
GP
M
GC
SW

5P
SM
SO
ML
CL
OL
MH
CH
OH

Comparable soil groups in AASHTO system

Maost probable

A-T-5, A-D

Pos=ibla

A-2-6, A4
A-2-4, A-6, A4, A-T-6
A6, A-7-5, A-7-6

A-4

A-B, A-7-5, A-T-6

A-T-3

Possible but improbahle

-2-4, A-2-5, A-2-6, A-2-T7
A4, A28, A-2-6, A-2-7

, A5, A6, A-7-5, A-7-6, A-1-a
4, A-6, A-7-6, A-T-5

3. A-2-4, A-2-5, A-2-6, A-2-T7
24, A-2-5, A-2:6, A<2-T
5
¥

e

i ' S




SOIL CLASSIFICATION

Examples



EXAMPLE I:

The results of the particle-size analysis of a soil are as follows:

* Percent passing the No. 10 sieve = 42
* Percent passing the No. 40 sieve = 35
* Percent passing the No. 200 sieve = 20

The liquid limit and plasticity index of the minus No. 40} fraction of the soil are 25
and 20, respectively. Classify the soil by the AASHTO system.

Solution

Since 20% (1.e., less than 35%) of soil 1s passing No. 200 sieve, it 1s a granular soil.
Hence it can be A-1, A-2. or A-3. Refer to Table 5.1. Starting from the left of the
table, the soil falls under A-1-b (see the table below).

Parameter Specifications In Table 5.1 Parameters of the glven soll
Percent passing sieve

No. 10 —

No. 40 30 max 35

No. 200 25 max 20

Plasticity index (Pf) 6 max Pl=IL—PL=25—2=35




EXAMPLE 2:

Ninety-five percent of a soil passes through the No. 200 sieve and has a liquid limit
of 60 and plasticity index of 40. Classify the soil by the AASHTO system.

Solution

Ninety-five percent of the soil (which is = 36%) is passing through No. 200 sieve.
So it is a silty-clay material. Now refer to Table 5.1. Starting from the left of the
table, it falls under A-7-6 (see the table below).

Specifications

Parameter In Table 5.1 Parameters of the glven soll
Percent passing No. 200 sieve 36 min. 95

Liquid limit (LL) 41 min. 60

Plasticity index (PI) 11 min. 40

Pl > LL — 30 Pl =40 = LL — 30 = 60 — 30 = 30

GI = (Fao — 35)[0.2 + 0.005(LL — 40)] + 0.01(Fao — 15)(PI — 10)
= (95 — 35)[0.2 + 0.005(60 — 40)] + (0.01)(95 — 15)(40 — 10)

=42
So. the classification 1s A-7-6(42).



EXAMPLE 3:

The results of the particle-size analysis of a soil are as follows:

Percent passing through the No. 10 sieve = 104
Percent passing through the No. 40 sieve B0
Percent passing through the No. 200 sieve — 58

The hguid limit and plasticity index of the minus No. 40 fraction of the soil are 30
and 10, respectively. Classify the soil by the Unified classification system.

Solution
Refer to Table 5.2. Since 58% of the soil passes through the No. 200 sieve, it is a
fine-grained soil. Referring to the plasticity chart in Figure 5.3, for L. = 30 and
P = 10, it can be classified (group symbol) as CL.

In order to determine the group name, we refer to Figure 5.5 and Figure 5.7,
which i1s taken from Figure 5.5, The percent passing No. 200 sieve 1s more than
30%. Percent of gravel = (); percent of sand = (100 — 58) — (0) = 42, Hence,
percent sand = percent gravel. Also, percent gravel i1s less than 15% . Hence the group
name is sandy leam clay.

=23 plus _

A No. 200 — = | 50 plus Mo, 200 = Lean clay

y 1570 plus No. 200 ~—> % sand = % gravel 3 Lean clay with =and

-
A oo gand < %% gravel ————= Lean clay with gravel

/ I‘EE; Eand —d E{- gra-l.-r:-l I"ﬁ'l L= | 5{:: gr.a.wl. HI S.EI.I'Id}' |.I:'-|'.|.I'L c'l.a_'.- I‘F

T = S0 eravel = Sandy lecan clay with grawvel

=315 plas
M. 2(M0 [~

.,

G sand < % gravel ——— 3= 2 | 50% sand = Gravelly lean clay

TR = 5Gsand — o Gravelly lean clay with sand

Figure 5.7 Determination of group name for the soil in Example 5.4




EXAMPLE 4:

Figure 5.9 gives the grain-size distribution of two soils. The liguid and plastic limits
of minus MNo. 40 sieve fraction of the soil are as follows:

=

Soll A Soll B E

Liguid linnit 30 26 ?g:
Plastic linuit 22 20 =
(=3

Determine the group symbols and group names according to the Unified Soal
Classification System.

Mo, 200 sieve

Peicent finer

a8
B
- g

0 T T 1
1.0 ol 0.0 0L ] %
Particle diameter {imm) — log scale =

Figure 5.9 Particle-size distribution of two soils




Solution

Soil A

The grain-size distribution curve (Figure 5.9) indicates that percent passing No. 200
sieve is 8. According to Table 5.2, it is a coarse-grained soil. Also, from Figure 5.9,
the percent retained on No. 4 sieve 1s zero. Hence, it 1s a sandy soil.

From Figure 3.9, D, = 0.085 mm, D;; = 0.12 m, and Dy, = 0.135 mm. Thus,

Dy 0135
C.= D, = dogs = 9 <6
D3, (0.12)

C,= —=2— = = 125> 1
“" Dg XDy  (0.135)(0.085)

With LI, = 30 and Pl = 30 — 22 = 8 (which is greater than 7), it plots above the
A-line in Figure 5.3. Hence, the group symbol is SP-SC.

In order to determine the group name, we refer to Figure 5.4 and Figure 5.10.

Percentage of gravel = 0 (whichis << 15%)

5
SP-SC — | <15% gravel | ———— | Poorly graded sand with clay | <€—— 3
*oasm gravel > Poorly graded sand with clay and gravel o

Figure 5.10 Determination of group name for soil A in Example 5.6



So, the group name is poorly graded sand with clay.

Soil B
The grain-size distribution curve in Figure 5.9 shows that percent passing No. 200
sieve 1s 61 (=50%); hence, it 1s a fine-grained soil. Given: LL = 26 and Pl =
26 — 20 = 6. In Figure 3.3, the PI plots in the hatched area. So, from Table 5.2, the
group symbol is CL-ML.

For group name (assuming that the soil 1s inorganic). we go to Figure 5.5 and
obtain Plus No. 200 sieve = 100 — 61 = 39 (which is greater than 30).

Percentage of gravel = 0; percentage of sand = 100 — 61 = 39

Thus, because the percentage of sand i1s greater than the percentage of gravel, the soil
15 sandy silty clay as shown in Figure 5.11.

= 30% plus - - SR .
A No. 200 = —~ - 1 5% plus No. 200 = Silty clay
_,-" TR 5-29% plus No. 200 <~ % sand = % gravel = Silty clay with sand
& e
4 o gand < %o gravel = Silty clay with gravel

/ | % sand == 9% gravel I-,_—)-l <2 15% pravel |—)‘| Sandy =ilty clay |'{—

=30% plus TR =15% gravel » Sandy silty clay with gravel

Mo, 200

T % sand == % pravel —— = =] 5% sand — = Gravelly =ilty clay

TR 2 155% sand = Gravelly silty clay
with sand

Figure 5.11 Determination of group name for soil B in Example 5.6



SOIL COMPACTION



INTRODUCTION:

In the construction of highway embankments, earth dams, and many other
engineering structures, loose soils must be compacted to increase their unit weights.

eCompaction increases the strength characteristics of soils, which increase the bearing
capacity of foundations constructed over them.

eCompaction also decreases the amount of undesirable settlement of structures and
increases the stability of slopes of embankments.




COMPACTION—GENERAL PRINCIPLES:




What is compaction?

*Is the densification of soil by removal of air, which requires mechanical energy.

A simple ground improvement technique, where the soil is densified through external
compactive effort.

o ) /_ ~, - “\ P
Compactive effort ( Ve ) ™
Oy N _ \ 4
\\"\ /\ ) + Wate r _ \“M._ e __J/F%
e e - \\{y/ ¢ i ‘ll:
) N / N A [
. P4 |
N/




Compaction

eCompaction — expelling air from the void space
BConsolidation — extrusion of water

*Effects of compaction
HMincrease soil’s shear strength
BDecrease in future settlement of the soll
BDecrease Iin soil permeability

*How to quantify — use dry unit weight of soil

IR
e 1+ w

¥ = wet unit weigh t

w — moistiire content




Compaction

e\What does water do for compaction®
BLubricant )softening agent)
BToo much water -2 lesser density
BOptimum moisture content
(= maximum dry unit weight) - best compaction

eHow to use maximum dry unit weight¢
BTarget unit weight at the job site
eNeed to know how much the soil can be compacted.




Dy of optimum —

Soils with small wolume changes from
changes in water content, e.g., granular
=oils, clayay-sand, sandy clay.

= Wet of optimum

Soils with large volumea changes
from changes in water contant, e.g.,
gxpansive and collapsible soils.

Acceptable ranga of ¢

E] dry unit weight + 95% Maximum dry
E unit waight
=
=
[ |
E i ki t i o
|" _"‘l Water content

Acceptable range
of water content

FIGURE 5.6 lllustration of compaction specification of
soils in the field.



Compaction Curve

What happens to the relative quantities of the three phases with addition of water¢

=1
=
7]
=
¥}
-
P
O

difficult to expel all air

lowest void ratio and
™ highest dry density at
optimumw

Water content




o Standard Proctor Test:

-—'—j"‘—'—— -.I-'_I - — "
I 1143 mm
I-c——-- diameter —-i-!
I (4.5 in.) I
| I
Exlension
= I Drop =
} | 304.8 mm
1 1 {12 1in.)
11643 mm
E } (4.584 in.)
), ek B -. e, Weight of hammer = 2.5 kg
| {mass = 5.5 lb}
= BT __ v __
| 101.6 mm ! S —
diameter —:-] 50.8 mm
I (4 in.) (2 in.)

(a) b)




*For each test, the moist unit weight of compaction, y, can be calculate as:

W
%

‘}I:

L )

*For each test, the moisture content of the compacted soil is determined in the
laboratory. With the known moisture content, the dry unit weight can be calculated as:

- Y
Yd w (%)

L+
100

For a given moisture content w and degree of saturation S, the dry unit weight of
compaction can be calculated as follows.

N




19.5 -
Theoretical maximum
dry unit weight s
19.0 - obtained when no air is
in the void spaces.
e - o
£ Zero-air 1-'DidC‘.II'\":‘{ﬂ,'lﬁ‘§J‘.'uh S =100 %
7 185
-qu,- e G-‘Ti-" o ?!l
e Maximum y; Vzaw = 1 4+ 0. |
% o e e ! X BT
T 180 - | ’
= I
b |
S |
2 |
£ |
2 1754 |
|
I
|
|
17.0 |
I
|
|
3 - . - |
- I::']‘!IH]'I‘ILII'I} molstre content ¥
10.5 | | ]
5 10 15 18

Muoisture content, i (%)

Figure 6.3 Standard Proctor compaction test results for a silty clay




Factors Affecting Compaction:

eMoisture content
eSoil Type

eCompaction Effort




Effect of Soil Type:

egrain-size distribution
*shape of the soil grains
especific gravity of soil solids

eamount and type of clay
minerals present

120 — — 10.0
.'-I-..
™~ Sandy silt 185
115 —
8.0
= \ Silty cla
= - 17.5
= .. .
&0 11 . : i '
= 110 Highly plastic clay -~ N,
% .
= = 170
] =" Poorly graded sand
16.5
105 -
= 16.00
[ I T 15.5
5 10 15 20

Muoistune content, w (%)

Dry unit weight, 5 (kN/m” )




Type of
compaction

CLIF W
[Figure B.5)

A

B
C
| B

Description
ol curve

Bell shaped
1-1/2 peak
Double peak

Odd shaped

Liguid lirmit

Between 30 to 70
Lzss than 30

Le== than 3 and thosc
greater than 70O
Greater than 70

[y unit woight

Dry undt weight

1F

Sdoasbure comnbent

@)

Type C
Dioabele paalk

Sl odspune oanbcnl

[ary uni weigh

Dry unir welght

Type B
[hne and oume-hal f peaks

1r

Blotsture content

{hp

Thope I
O shuaped

Maisiure contem




Effect of Compaction Effort:

Number)  {Number Weight,  fHeight of
of blows | = of X ol * | drop ol
E - Jper laver , layers | hammer, , hammer
o Valume of mold
(ES}EE‘-}(M kN ){U_SIJS m )
E = 1000

944 = 107°m?

= 504 kN-m/m’ = 600 kN-m/m’

19,85 —
19.00

z

Z

= 15.00

==

B

=

§-

o

=
17.00 -
16.00
15.20

L dero-air-void curve (07, = 2.7)

Line of aptim urs

*.
‘.\
1

s

/ "\\
Al hlu'n.l.-h';
layer

x5 hll.:l'.'.m' /
I.:.;-'n:r \\
200 H:w.
layer

1 I i 1 | I
10 12 I= It 18 20 22

A h |{I".'|."1."
|..I}'r.|

Moisture comwent, e [0

Sandy clav: Liquid limit = 31 Flaxic limit = 26

[ud
L

Figure &6 Effect of compaction energy an the compaction of a sandy clay




From the preceding observation we can say that:

*As the compaction effort is increased, the maximum dry unit weight of
compaction is also increased.

*As the compaction effort is increased, the optimum moisture content is
decreased to some extent.

Increasing compactive
effort results in:

ry density (py)

i-\
=

» Lower optimum water
content

» Higher maximum dry

density

Water content




Laboratory Compaction Test

-To obtain the compaction curve and define the optimum water content and maximum
dry density for a specific compactive effort.

Standard Proctor:

Modified Proctor:

-3 layers . 5 layers
25 blows per layer hammer

« 25 blows per layer
«2.5 kg hammer
«305 mm drop *4.54 kg hammer

E= 594kN-m/m3 * 450 mm drop
E= 2700KN-m/m3

944 ml| compaction mould




Figure 6.7 Comparison between stan-
dard Proctor hammer (lctt) and modified
Proctor hammer (right) (Cowrzesy of Braja
M. Das. Henderson, Nevada)




faibfe B.7 Summary of Standard and Moditied Procior Compaction “Test Specifications (A5 TMM D-6%5 and 1D-15357)

Flhivsical cloia
for the tests

Siandard
Progctor lest

Modified
Froctor tast

Description

Material

s

Mold volume
Mold diameter
MWMald heighe
Wieight of
hammer
Height of drop

Nuimber of
soil luyvers

SMumber ol
bBlowsilayer
Weight of
harmmer
Heizght of drop

Number of
soil lavers

Sumber of
Blosw siflayer

Method &
FPassing MNo. 4 sieve
Used il 20 or less
by weight of material

is retained on Mo, 4
(4.75 mm) sieve

L EERTT
1006 mum
1164 min

244 M

305 mm
3

23

44.5 N

457

5

25

Method B
Fassing 9.5 mon sieve
Usad if more than 20%:

by weight of material is
retained on Mo, 4

4.75 mm) sieve and 20%

or less by weight of
rraterianl is retained on
9.5 mm sieve

Q44 et
100 .6 mum
1164 mm

244 M

305 mm

3

25

445 N

457 mum

25

Method C

Fas=ing 19 numn sieve

L'sed if more than 2005
bw weight of maverial
1% retained on 9.5 mm
sieve and less

than 30% by weight of
mealerial is retainced

an 19 mm sicve

2124 em’?
1524 mm

1164 mm

244N

305 mm
3

K1




» Structure of Compacted Clay Soil:

1

Higzh compactive effort

Compacted density

Low compactive efforl

Figure 6.9
Effect of compaction on structure
of clay soils (Redrawn afier

» Lambe, 1958a. With permission
from ASCE.)

Molding water content




Remarks on the previous curve:

At point A, clay particles possess a flocculent structure. This type of structure results because, at low,
moisture content, the diffuse double layers of ions surrounding the clay particles cannot be fully
developed; hence, the inter-particle repulsion is reduced. This reduced repulsion results in a more random
particle orientation and a lower dry unit weight.

\When the moisture content of compaction is increased, as shown by point B, the diffuse double layers
around the particles expand, which increases the repulsion between the clay particles and gives a lower
degree of flocculation and a higher dry unit weight.

A continued increase in moisture content from B fo C expands the double layers more. This
expansion results in a continued increase of repulsion between the particles and thus a still
greater degree of particle orientation and a more or less dispersed structure.




How Is Soil Compacted in the Field?®

eSmooth-wheel rollers (or smooth- drum rollers).
ePneumatic rubber-tired rollers.

eSheepsfoot rollers.

eVibratory rollers.

eTrucks &tractors.

eHand tampers &rammers.

eDynamic compaction.




Smooth-Wheel Rollers




Smooth-Wheel Rollers

eSuitable for finishing operations of fills with sandy & clayey soils.
eProvides 100% coverage under wheels.
eGround contact pressures as high as 310 — 380kPa.

eCompacts effectively only to 200-300 mm; therefore, soil must be placed
in shallow layers (lifts).

eNot suitable for producing high unit weights of compaction when used on
thicker layers.




Pneumatic Rubber-Tired Rollers

Photo courtesy of Caterpiller Corporation
& UC Davis GeoPhoto Album

Photo courtesy of Professor
Sivakugan, James Cook University,
Australia




Pneumatic Rubber-Tired Rollers

eAre heavily loaded wagons with several rows of closely-spaced
tires.

eCompaction is achieved by a combination of pressure &
kneading action.

eGround contact pressures as high as 600 — 700kPa.
eProduce 70% to %80coverage.

eCan be used for sandy & clayey soils.




Sheepsfoot Rollers




Sheepsfoot Rollers

*Are drums with a large number of projections.

Area of projections ranges from 25 to 85 sq. cm.
*Provides kneading action.

*Ground contact pressures as high as 6900 —1380 kPa.
*Most effective in compacting clayey soills.

eInitial passes compact the lower portion of a lift; middle & top portions are
compacted at a later stage.

*When the fill has been densified to some degree, the roller “walks out,” & entire
weight is supported on pads resting on top of the fill.




Sheepsfoot Rollers

Vibratory padded drum roller (similar to a sheepsfoot roller) compacting clay.




Vibratory Rollers




Vibratory Rollers

*Vibration is more effective for compacting sands and gravels than static
pressure.

«Water conditioning is not as important for compacting sands and
gravels as it is for compacting clays.

*The total force applied by a vibratory roller is equal to the weight of the
roller plus the dynamic vibratory force.

*Can be attached to to smooth-wheel, pneumatic rubber- tired, or
sheepsfoot rollers.




Hand Tampers




Hand Tampers

eEffective for compaction of granular soils (sands &
gravels).

ePractically only used to compact such soils over a
limited area.




Dynamic Compaction
Pounding the ground by a heavy weight

Suitable for granular soils, landfills and karst terrain with
sinkholes.

)Slide courtesy of Professor
Sivakugan, James Cook University,
Australia(

|_Crater created by the impact
)to be Qackfilled)




Dynamic Compaction




Vibroflotation

(Slide courtesy of Professor
Sivakugan, James Cook
University, Australia)

Suitable for granular soils

Practiced in several forms:
*Vibro -compaction
«Stone columns

*Vibro -replacement

Vibroflot (vibrating unit)
Length =2 -3 m
Diameter = 0.3 -0.5
Mass = 2tonnes

(Lowered into the ground &vibrated)




Factors Affecting Field Compaction:

eSoil type

eMoisture content

eThickness of lift

eIntensity of pressure applied

eArea over which the pressure is applied




Specifications for Field Compaction:

In most specifications for earthwork, the contractor is instructed to achieve a
compacted field dry unit weight of 90 to 95% of the maximum dry unit weight
determined in the laboratory by either the standard or modified Proctor test.

eRelative Compaction

Y d{field) . el
R(q] — > 100 I}r-!:lll.'i.tl ! d{min) Ydimay
Fyi.l'[r‘:llu.'l.;—hh] IF,], — —_—
T.‘il_:u.ul T:.I'lf min) 4L "."'..ffrl-m
r— Rl']
]. — Dr(] == R“)
R“ _ Y d{min)
‘}":.f;'mu'a:
Correlation between R and Dr R = 80 + 0.2D,

for granular soils:




Line of optimum

Yalmax)

Dry unit weight, y,

Lty
(B

Muoisture conlent,

Figure 6.27 Most economical compaction condition
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Table 6.2 Reguirements o Achicve & = 95 wo 1005 (based on standard Procior masimum dry unit-weighth®

Exgusiprivent
Ly
Sheepsioot

rolbers

Fahber-
vired
rofbers

Applicability

Fow fimve- graned sodls oo dimy
coarse-eramned soals wiikh
smcere Uoam BFE pacsomge e
Sy AHE speve. Mol s lalsle
o clesan, coserse- gl
somds FParimudacl y aprprogrsie
for comypaciiom ol ineer Ve
zone for carth dam or lmings
where bomdmg of lifes =

i msrianl.

For clean., coarse- praincd
soils with 4 o 8% passing the
Mo, 200 siewe.

For fine-grained soils or well-
araded, dirty, conrsc-grai med
aodls with more than 8% pasa-
ing the Mo, 200 sicve,

“I-t-Iquimrr_ntI-fnr mpiuﬁim of 95 to 100% standard Proctor
maximum dry unit weight

Cormprimaterd
laft
thicknass

150 mm

250 mm

150 o

200 mm

Fassas ar
COWEraLges
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arainaed =il
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molslure contents,
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grade compaction. Wheel load, BO o 110 kN,
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COrmpaction cquipment is
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for heavy-wheel boads ar lif
thickness is deoreased. For
cohesionleis soils, large-siee
tires ane dezirable 1o aveobd
shear and runing.
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wheel
rollers

WVikratimg
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Lmiper or
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bow plasticity to 90 KN for materials of high
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* Determination of Field Unit Weight of Compaction:

The field unit weight of compaction an be determined by one of the
following methods:

«Sand cone method

*Rubber balloon method

Nuclear method




Sand Cone Method (ASTM Designation D-1556)

Figure 6.22

Glass jar filled with Ottawa sand with

sand cone attached (Courtesy of Braja M. Das,
Henderson, Nevada)




Sand Cone Method (ASTM Designation D-1556):

If the weight of the moist soil excavated from the hole (W2) is
determined and the moisture content ofthe excavated soil is

known, the dry weight (I//3) of the soil can be obtained as:

W,




w5=w|—w_,,

Ottawa sand where Wy = weight of sand to fill the hole and cone.

The volume of the excavated hole can then be determined as
W, — W
V = 5 [
Td‘!s-ld}

where W, — weight of sand to fill the cone only

Metal plate VY fisany = ry unit weight of Ottawa sand used

Hole filled with Ottawa sand



Rubber balloon method:

Figure 6.24 Calibrated vessel used with
rubber balloon (not shown) (Caouriesy of
Johin Hester, Carterviile, Hinois)




Nuclear method:

Figure 6.25 Nuclear density meter
(Courtesy of Braja M. Das, Henderson,
Nevada)




Example |

The laboratory test results of a standard Proctor test are given in the following table.

Volume of Weilght of moist soll Molsture content,

mold (cm?) in mold (N) w (%)
944 16.81 10
944 17.84 12 =
944 18.41 14 =
944 18.33 16 §
944 17.84 18 2
944 17.35 20 3

a. Determine the maximum dry unit weight of compaction and the optimum
moisture content.
b. Calculate and plot 7y, versus the moisture content for degree of saturation,

S = 80, 90, and 100% (1.e., ¥,.). Given: G, = 2.7.



Solution
Part a

The following table can be prepared.

Volume of Weilght of Molst unit Molsture Diry unit
myold aoll, welght, content, welght,

Vv, (cm?®) W (N) v (KN/m?)" w (%) va (KN/m*)*®
944 16.81 17.81 10 16.19
Q44 17.84 18.90 12 16.87 =
Q44 18.41 19.50 14 17.11 _"é
Q44 18.33 19.42 16 16.74 E
Q44 17.84 18.90 18 16.02 ';Ej
Q44 17.35 18.38 20 15.32 g

anpg — W
¥
b =
Lo 1+ W
100

The plot of y,; versus w is shown at the bottom of Figure 6.8. From the plot, we see that
the maximum dry unit weight Ym0 = 17.15 kN/m® and the optimum moisture con-
tent 1s 14.4%5%.



'
22
Yeav
T
<]
=
% 18
-
g
> ¥ (max) §=100%
o
§=00%
16
o §=80%
Iq_ | | | | | | | -
0 ) 10 12 14 & 18 20

Moisture content, w (%)

Figure 6.8 Moisture content—unit weight curves



Part b
From Eqg. (6.3),

_ GE w
Ya | wa
M
The following table can be prepared.
Yd [kﬂfll‘la]
G, w (%) S = 80% 5= 90% S = 100%
2.7 8 20.84 21.37 21.79
2.7 10 19.81 20.37 20.86
2.1 12 18.83 19.48 20.01 é
2.7 14 17.99 18.65 1923 g
2.7 16 17.20 17.89 18.50 13
2.7 18 16.48 17.20 17.83 E
2.1 20 15.82 16.55 1720 =
=

The plot of v, versus w for the vanous degrees of saturation 1s also shown in Figure 6.8.



Example 2

Laboratory compaction test results for a clayey silt are given in the following table.

Molsture content (%u) Dry unit welght (KN/m?*)

6 14.80

8 17.45 =

9 18.52 g

11 18.9 E:

12 18.5 3

14 16.9 &

@

Following are the results of a field unit-weight determination test performed on the
same soll by means of the sand cone method:

« Calibrated dry density of Ottawa sand = 1570 kg/m’

* Calibrated mass of Ottawa sand to fill the cone = 0.545 kg
* Mass of jar + cone + sand (before use) = 7.59 kg

* Mass of jar + cone + sand (after use) = 4.78 kg

* Mass of moist so1l from hole = 3.007 kg

* Moisture content of moist soill = 10.2%



Determine:

a. Dry umit weight of compaction in the field
b. Relative compaction in the field

Solution
Part a

In the field.

Mass of sand used to fill the hole and cone TH90 kg — 478 kg — 281 kg
Mass of sand used to fill the hole = 2.81 kg — 0.545 kg — 2.265 kg
2.265 kg
Dry density of Ottawa sand
— _Z20kE  _ 0014426 m?
1570 kg/m?

Mass of moist soil

Wolume of the hole ( V) =

Moist density of compacted soil = Volume of hole

3.007

= = 2.084.4 k +

0.0014426 g/m
. (2084.4)(9.81) N
Moist unit weight of compacted soi1l = 1000 = 2045 kNMN/m

Hence.
¥ . 20,45 o — . 3
Vi Ww( %) 102 I18.56 kIN/m
1+ 1 + —=

_|_
100 1O



Part b

The results of the laboratory compaction test are plotted in Figure 6.27. From the plot,
we see that ¥;. = 19 kN/m”. Thus, from Eq. (6.19),

2[. | | | |
19 kN/m?3
- 18 -
£
Z.
=
=6 H4 =
g
L
]_'I_ | | | | = .
0 4 8 12 16 30 & Figure 6.27 Plot of laboratory-
w (%) ﬁ compaction test results
Yafedy  18.56
R = = = 97.7%

Y d{max) 19.0



8- PERMEABILITY



INTRODUCTION:

Soils are permeable due to the existence of X
interconnected voids through which water can flow B ¢

from points of high energy to points of low energy.

porosity @ grains

The study of the flow of water through permeable soil media is necessary for.
|. estimating ciluardyh suoirav rednu egapees dnuorgrednu fo ytitnauq eht
shoitidnoc

2. for investigating problems involving the pumping of water for underground
construction.

3. for making stability analyses of earth dams and earth-retaining structures
that are subject to seepage forces.




PERMEABILITY

O The property of soils that allows water to pass through them
at some rate

O The property is a product of the granular nature of the soill,
although it can be affected by other factors (such as water
bonding in clays)

O Different soll has different permeabilities.




Bernoulli’s Equation:

*According to Bernoulli’'s equation, the total head at a point in water under
motion:

i

Yo

T

f1 =

T

e

T

Pressure Velocity Elevation _“__f _____ ' ____\_,,_I_
v
head head head . e
.'t”
N J Yu
[ ] _: :’. :: ‘.; .
h,‘ il 2

*Velocity head can be neglected

L ' \
L Z B
}"H )

h =

Datum

Figure 7.7 Pressure, clevation. and total heads for flow
of water through soil




»Some Notes:
If flow is from A to B, total head is
higher at A than at B.

Energy is dissipated in | )
. . water \ A ,/
overcoming the  soil j— % ™
resistance and hence is |
the head loss.




Hyvdraulic Gradient:

Flow generally driven by lake, niver, etc

*The loss of head between two points, A and B, can be given by:

B 4
Ah=h,y — hg = (
T'-!!’

e~

]
B & ZB)
Tl-\'."

*The head loss, Ah, can be expressed in a nondimensional form as:

_ Ah

' itneidarG ciluardyh eht si ,

s 1.

Naaum

Figwre 7.7 Pressure, elevation, and total heads tor flow
of water through =oil




*The variation of the velocity (v) with the hydraulic gradient (i) is as shown
In Figure 7.2 This figure is divided into three zones:

1. Laminar flow zone (Zone )
2. Transition zone (Zone II)
3. Turbulent flow zone (Zone IlI)

Zaone [11
Turbulent Aow zone l L >
Zone 11 I r,,_J;’f:”f'- -
-In most soils, the flow of = |'™™menzene 7
. = o
water through the void spaces 2 I
can be considered laminar; = |Zonel s
Laminar flow -
thUS, zone B 4
VX i e
.':':’-'-HJ .

Hydraulic grachent, §

re /.2 MNature of variation of ¢ with hydraulic gradient, ;




Darcy’s Law:

)Henry Philibert Gaspard Darcy, (1803-1858)

Velocity (vtneidarg ciluardyh eht ot lanoitroporp si wolf fo (
(i)- Darcy (1856)

2 1s the discharge velocity of water based on the

2 — k7

/ oross cross-sectional area ol the soil.

Permeability
*or hydraulic conductivity
unit of velocity (cm/s)




v = ki"™

/
/
7
= ”
= g
2 "
o v=ki
e /
o // -
3 ’ Clay soil
S 4 i
7 s
a ‘
i() i'
Hydraulic gradient, i
v = k(i — i) (fori =1i')

(fori < i)

Figure 7.4
Variation of discharge velocity
with hydraulic gradient in clay

Hansbo (1960)




o
.d s Area of sail
Flow rate, g Shee specimen — A
- 8
e : e g
. =
|
- L > \ l _
Area aof voud in the
crass sectiom = A
TR (3 Area of sail solids in
P the cross section = A,
Figure 7.3 Derivation of Eq. (7.10)
q=vA = A,v; (7.7

where v, = seepuge velociy
A, = arca ol void in the cross scction of the specimen
However.
A=A, + A, (7.8)

where A, = area of soil solids in the cross section of the specimen.
Combiming Eqs. (7.7) and (7.8) gives
q=vA, + A;) = Ay,
or
(A, + A} oA, + AJHL oV, + V) =
v, = = — - (7.9)
A, AL Va

where V. = volume of voids in the specimen
V. = volume of soil solids in the specimen

Equation (7.9) can be rewritten as

— (\)
v, B v(l i e) L., it
_——V,. = = = ‘.

")

L




Hyvdraulic Conductivity:

Coefficient permeability = hydraulic conductivity

Depend on:

O Fluid viscosity
1 Pore-size distribution
 Grain size distribution

O Void ratio

porosity @ grains

L Roughness of mineral particles
L Degree of soil saturation

» Permeability of saturated soil is lower and increases rapidly with degree of
saturation




In clayey solls, structure plays an important role in hydraulic
conductivity.

Factors affect the permeability of clays are:
O The ionic concentration

O The thickness of layers of water held to the clay
particles.




rable 7.7 Typical Values of Hydraulic Conductivity of Saturated Soils

k
Soil type (cm /sec)
Clean gravel 100—1.0
Coarse sand 1.0—0.01
Fine sand 0.01—0.001
Silty clay 0.001—0.00001

Clay <<0.000001




» The hydraulic conductivity of a soil is also related to the properties of the

fluid flowing through it by the equation

S where 7y,
kK = K n
7 K

From which:;

E B (E) ( FY’H*{T,))
kT; Nr, Yw(T)

= unit weight ot water

= viscosity of water

— absolute permeability

M0




Table 7.2 Variation of nprc/Mspec

Temperature, T Temperature, T

(°C) Nrc/M2oc (°C) Nrc! Mzoc
15 1.135 23 0.931
16 1.106 24 0.910
17 1.077 2 0.889
18 [.051 26 0.869
19 1.025 27 0.850
20 1.000 28 0.832
21 0.976 29 0.814

22 0.953 30 0.797




* Laboratory Determination of Hydraulic Conductivity

1. Constant Head

1|/

Craduated flask

B Porous stone B Sail specinen

y

Figure 7.5 Constant-head permceability 1est

2.Falling Head

l
I
|

|
I
]

—

[ Porous stone  F4] Soil specimen

Figure 7.6 Falling-head permeability test
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1. Constant Head

Constant Level for coarse soil

Q = volume of water collected
A = area of cross section of the soil sample
T = duration of collection of water




2. Falling Head

for fine soil
B il h dh
g — o ‘f_ = —{—
L, dt
<o al { dh ]
dif = —
Ak h
n in
L ¢ dh
Jar =—L f
) : Ak s h
f = al In b
3 Ak h,
ha
' I =ﬂi’ In & =2.f:*-3£1mgfi
At h, At h,
i q = rate of flow
Censtant Level .:: Ee 3 a = cross sectional area of standpipe

a B : A = cross section of the soil sample




* Relationships for Hydraulic Conductivity —

Granular Soil:
*1.Hazen (1930) For fairly uniform sand (small uniformity coefficient

where ¢ = a constant that varies from 1.0 to 1.5

. — 2 R g :
k (CIT’I:“EEC) — C’D]U I}, = the effective size, in mm
*Important
2. Kozeny-Carman (Kozeny, 1927; Carman, 1938, 1956) (for Sandy soil)
L, = shape fuctor, which 1= o function of the shape ol Now channels
- 3, = specthie surlace area per unil volume of particles
] "}.f'.u._ e % F = wriuosity of Nuw channels
;{ — Ve = unit weight of water
i i | c
: e 1 + e n = viscosity of permeant
C.?SS T ?? & = voud raho
3.Carrier (2003)
100 % 271 WSO8 Ji = frachion of pamicles berween Iwo sieve sizes, In percent
k=199 % 10¢ - o T PO JECIIC NN (U | A S
f SF i (Neter larger sieve, [z smaller sieve, x)
» : - : ;
—_— Dlr:.ﬂ-:u ae f}:;w‘i $F = shape factor
Note: 2 e
R e Important




U.S. Navy ,1971 Hydraulic Conductivity—Granular
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Frgure 5.3 Hydraulic conductivicy of granular soils (A frer U8, Deparrmrens of Nevv, 12710




 Relationships for Hydraulic Conductivity—

Cohesive Soll:
1. Taylor (1948)

€. — & k, = in situ hydraulic conductivity at a void ratio ¢,
log k = log Ko — —C k = hydraulic conductivity at a void ratio ¢
K C; = hydraulic conductivity change index

*Good for e, > 2.5. In this equation,
**The value of C, may be taken to be about vs e,

2. Samarasinghe, et al. (1982), for normally consolidated Clay:

n
& ( i )
= 1 = : 5
] - € C and n are constants to be determined experumentally.




3. Mesri and Olson (1971)

logk = A'loge + B’

Hydraulic conductivity & (mm/sec)

1o T T T
""' Kaolinite
1075 4 .
ya
4 A
n." ¢
‘ /
ll)_" B A“ -l
o <
A A 1
i - "B %
2 A S p
107 i Y =
R ;t
2 k] -
ol ol
[+ 3
a

1075 = "., -

: ] )

[}
. ,dr :.
9 e : 2
1077 & Monumerillonite
%
:. .
107 10 ..‘ —
.
10 ll_ 1 - 1 - 1-
0.3 1.0 20 10 30

Vaid ratio, ¢

Figure 7.7Z Variation of hvdraulic conductivity of sodium
clay minerals (Based an Mesri and Olson, 1971)




4. Tavenas, et al. (7983)

Void ratio, ¢

s PI+CF=125

"
2—'(
I

> 4 ;
/ , 1.0
P e /
2.4 = P &
rd /
y
S > g
o >
2.0 = s e
S >4 075
)75
l// /l = I//
I// I”/ /’/
I (, g I"/ I/// I"’,”
ot > =
-~ P < =
By ’/ /’,' ’/’/
. | o _ o
1.2 o L _— _~ 0.5
— o =g’ =
0.8 - e a S
0.4 : . ,
[0~ 1!t 10—1e 10-v SX 107
& (m/sec)

o PI, the plasticity index, and
o CF, the clay-size fraction in the soil, mrof (lamiced)

Figure 7.13 Vanation of
void ratio with hydraulic
conductivity of clayey
soils (Based on Tavenas,
eral, 1983)




* Directional Variation of Permeability.

»soils are not isotropic with respect to permeability.

»In a given soil deposit, the magnitude of k changes with respect to the
direction of flow.

w sa" - " - oW o w *o¥ oW .°* - oY . oV ww Y Sedadt -
: ' ~ Y ol ) S ’ ~“0 ", A | s )
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Figure 7 T4 Directional variation of permeability




*Fukushima and Ishii (1986) related to k,, and k,, for compacted Masa-
do soil (weathered granite)

T T
z
=]
] Compaction
= 7 o y
7
f
16
|0
=
a ®
1O i 1 _®
( Il".l’. ns
.o o anil
pressure (kN/me)
a
®- Q)
10 *f- N
1t - N —
~8
pl)]
10
=200
107 | A5 ! L 1 ul
12 10 20 24

Molding moisture contenr ()

Jure IS Variation of &,-and &, for Masa-do soil compacted in the laberatory
(Based on rie rexulis of Fukushima and Ishii, 1956)

Note that, for any given molding

moisture content and confining
pressure, kuis larger than kv.




rable 7.3 kylk, for Fine-Grained Soils—Summary of Several Studics

Reference

Soil type kyl ky
Organic silt with peat 1.2 to 1.7
Plastic marine clay 1.2
Soft clay 1D
Varved clay 1.5to 1.7
Varved clay 13
Varved clay 3o 15

Varved clay 4 10 40

Tsien (1955)

Lumb and Holt (1968)

Basett and Brodie (1961)
Chan and Kenney (1973)
Kenney and Chan (1973)

Wu, et al. (1978)

Casagrande and Poulos (1969)




 Equivalent Hydraulic Conductivity in Stratified Soil:
»>horizontal direction

_T_ S
o by, [ i,
k,‘,,l l
— ky, | i,
kH-»
Direction = _l_
ol Now T
e ‘-'v} 112 H
L’ Kiiy l
(S
®
@
_T— Figure 7.16 Equivalent
S \"T H, hydraulic conductivity |
> ki l determination—horizontal flow
i Y in stratified soil




*Derijvation in the horizontal direction:

g=1v-1-H

:'?_.'l‘l"Hl+'B:"I"HI+'?J3‘]‘H;_;"'+1:

where v = average discharge velocity
By Ve Ve v s v, = discharge velocities of

9= kﬂ’cq']feq: U = "’{H."!I: v, = ng"E AR kH l,

L}

n" ] *Hn

1
K it(eq) = I7; (K Hy + Ky Hy + kyHy + -+ ky H))

LN ]

Faggiire P76 Lgw
by dremal 2 condweivay

e o = il f— e e T
i sbeadivlwal sl




 Equivalent Hydraulic Conductivity in Stratified Soil:

»Vertical direction

—_—
—
Direction

A A —
kv
H| |IT‘—_-. 'k-f1'|
=W
A
' kvat k
. T —— 4
v 2
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By A
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Figure 7.77 Eqguivalent hydranlic conductivity daetermination—owvertical Qow in stratified sail




*Derivation in the vertical direction:
the velocity of flow through all the layers is the same. However, the total head loss, h, is equal to the sum

of the head losses in all layers. Thus,
Using Darcy’s law

1) = ’E;II — -L‘I: — 1’?3 ———HBL B e 'L:I”

h=hy + hy, + By + -+ h,

h , _ . :
.If(l-"{u_l_p(ﬁ) = kif'i»!] — .l!ipzi': = kl.’_af_q e = -F{I:'L.-'“I”

.‘.'.? — Hlil -1 Hzfz -+ H_gf-_‘.l. o el o H”!‘”

)
ky

1

I_
kv(cq) T (Hl> . (H:)) N (H3
k‘/ kt’: k /--‘

ruT--T.]‘ T . W -




» Permeability Test in the Field by Pumping from Wells:

In the field, the average hydraulic conductivity of a soil deposit in the direction
of flow can be determined by performing pumping tests from wells.

|
dr = | < | 2
Water table : : : Draw-down curve
before pumping ) 1 during pumping
[ |
DL E——— == Y. — — . S Y
Y S —===L =+ 2 s
« | = 8§ g -
(’h \~\‘ | ,/'/
N Yy =
==
|
h
f : hy 7
|
|
|
[
Y. R _ s =2 = RARA
. -y, " >
- - 3 - .
-~ 5 -~

] Impermeable layer L] Test well [ Observation wells

Figure 7.Z27 Pumping test from a well in an unconfined permeable layer underlain by an
impermeable stratum.




Average hydraulic conductivity of a top permeable layer (unconfined
aquifer)

= Continuous observations of the water level in the test well and in the observation, wells are
made after the start of pumping, until a steady state is reached.

» The steady state is established when the water level in the test and observation wells
becomes constant

dh Plgeiend
qg = k\ — |2wrh ;[ } g
dr ks 0 Eeaw § = =
" =t
ik : Vg
(" dr 2akN (" —)
i ad =
J — = (— ) I h dh ,, :
T . q /1,
AN 000 e 5 o= KM
N 20V 'y . : L
;.._'.'![}Hq 1(:’%“’} '_ : :
. ) B topermestile bayer [ Testwell 5 Obsersation wells
k = MR
n‘{h‘l‘ — h ” } Figure /.27 Pamping test from @ well 1n am unconhined permezble layer underiaim by an

impermeable striium,




Average hydraulic conductivity of a confined aquifer

= Conducting a pumping test from a well with a perforated casing that penetrates
the full depth of the aquifer

= By observing the piezometric level in a number of observation wells at various
radial distances

= Pumping is continued at a uniform rate q until a steady state is reached

dh YA I
dr >, « - r » ‘
Irf = k ( ) : v ‘F H Piczometric level B8 35 i : .l ] . Piczometric leve
close pamping ’ ) . " e 5

{f\r bel W : ‘.ll.u nL']".m1|'~z'|-,'
R e
- .‘,fj': A A . : e
T dr 2ok H i @ @B - =
) = dh ' : , 5% _
3 I ‘.':: q . SRR 3 : ey :

1 f' .
o

2?27H(h| —= h_‘g)

B npermeable Layer L] Test well
™ - oo -
L1 Confined aquifer [—} Obscrvation wells

722 Pumping twest from a well penctrating the full depth in a confined agquifer




In Situ Hydraulic Conductivity of Compacted Clay
Solls:

Daniel (1989) provided an excellent review of nine methods to estimate the
In situ hydraulic conductivity of compacted clay layers;

DANIEL, D. E. (“.(1989In Situ Hydraulic Conductivity Tests for Compacted Clay”,
Journal of Geotechnical Engineering, ASCE, Vol.115, No. .7226-1205 ,9




Boutwell Permeameter.
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Figure 7.23 Permeability test with Boutwell permeameter
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Constant-Head Borehole Permeameter

Stand pipe
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Porous Probes:
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PERMEABILITY

Examples



Example |

The grain-size distribution curve for a sand 1s shown in Figure 7.13. Estimate the
hydraulic conductivity using Eq. (7.30). Given: The void ratio of the sand 1s 0.6.

Use SF = T.

10 —

B0 —

Petcent passing
A

1
I .h i T B oz .1 T S Qo2 Y|
Grain si@e (mrm)

Figure 713



Solution
From Figure 7.13, the following table can be prepared.

Sleve Sleve Percent Fractlon of particlez between

no. opening (cm) passeing two congecutive sleves (%)
30 0.06 100 4
40 0.0425 U6 12
60 0.02 B4 34
100 0.015 S0 a1l

200 0.0075 0




For fraction between MNos. 30 and 40 sieves;

fi -

= = 81.62
DA e oS [ﬂ.ﬂﬁ]“ﬂm o [D.{HEEJD'SDE
For fraction between MNos. 40 and 60 sieves;
fi 12
= = 440.76
DH.dﬂd e ng'il'ﬁ I:'_U'MES ]ﬂ.dﬂd T4 {[}_Dl]ﬂ'jgﬁ
Similarly, for fraction between Nos. 60 and 100 sieves:
I 34
= = 2000.5
Bgdm oY BEI‘_.E'-':I'E EDDE }ﬂ.d.{ld. W ED.DIE:]quﬁ
And, for between Nos. 100 and 200 sieves;
I S0
= = 5013.8
DA e po=s9s [D.Dlﬂjﬂ"'m 4 {D.[H}Tﬁj'”ﬁ
100% 100
= == (.0133
I 21.62 + 440.76 + 20005 + 5013.8

=

0,404 0.595
Dy; > DS

From Eq. (7.30),

2 3
k= (199 x mﬂm.umf(%) (%) — 0.0097 cm/s



Example 2

Refer to the constant-head permeability test arrangement shown in
gives these values:

e I.=30cm

*» A = area of the specimen = 177 cm’”
Constant-head difference, i = 50 cm

Water collected in a period of 5 min = 350 cm’

Calculate the hydraulic conductivity in cm/sec.

|”1

|

i "kﬁ

-

EE Prorowus swone ELl Soil specimen

Figure 7.5 Constant-head permeability tesit

Figure 7.5. A test

Graduated Aask



_ oL
Aht
Given 0 =350 em’, L = 30em, A = 177 em®, h = 50 cm, and t = 5 min, we have
(350)(30)

k= (177)(50)(5)(60) = 3.95 % 107 cm/sec

k




Example 3

For a normally consolidated clay soil, the following values are given:

Vold ratlo K (cm/=zec) E
1.1 0.302 > 1077 %
0.12 = 1077 g

Estimate the hydraulic conductivity of the clay at a void ratio of 0.75.

J:czr:{ <
1 - &

I
1 1 4+ =,

&
£

N
et
TI%
f
I
R

0.302 > 107 1 =+ 1.1
0. 12 > 107 (0.9~
1 + 0.9

1.9 1.1
S-= 17 = (2-1) (n.n}
2.TR2 = (1.222)"
log (2.782) 0444

pr— pr— p— 5- l
" log (1.222) 0.087




&
T find C,

0.302 =< 1077 = C'[

|:_I.I ::IE.I

1 + 1.1
0.302 = 107 7)(2.1
o ! )(2:1)

5.1
(=

—+ &

~e(45)
J-(

1.626
2.1

)e

= 0.39 = 1077

Hence,

k= (039 x m-?cmfsec}(

At a voud ratio of 0.73,

k= (039 x 1077) (1

+ 0.75

1.626

&
1 +e

)

. flil
= ) = 0.514 x 10" ® cm/sec



Example 4

A layered soil 1s shown in Figure 7.24. Given:
« H=15m k, = 107* cmfsec

» H,=3m ky, = 3.2 % 107? cm/sec
« H,=2m ks = 4.1 % 107" cm/sec
Estimate the ratio of equivalent hydraulic conductivity,
K ti(eq)
k vieq)
EZl e
H, &y
1
oo L
oy Lo Fé:
-

Figure 7.248 A lavered soil profile



ke —;{ (kyH, + kyHy + kyH,)

eq)
1 7, —5
= (15+3+2) [{]l]_‘} (1.5) + (3.2 X 10 °) (3) + (41 X 10 7) (2)

= 148.05 x 107* cm/sec

H

viea) = gy H H
(2 G- (@)
":1-"-_ k]..-'! k."'r!

1.5+ 3+ 2

( 1.5 ) ( 3 ) ( 2 )
+ =)+ -
104 3.2 = 102 41 = 10~

= 1.018 » 10 ¢ cm/sec

Hence,

k —4
Hiew) _ 148.05 x 107° o,
P 1.018 > 1074
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In the preceding chapter, we considered some simple cases for

which direct application of Darcy’s law was required to calculate
the flow of water through soil.

In many instances, the flow of water through soil is not in one

direction only, nor is it uniform over the entire area perpendicular
to the flow.

*In such cases, the groundwater flow is generally calculated by the
use of graphs referred to as flow nets. The concept of the flow net

IS based on Laplace’s equation of continuity, which governs the
steady flow condition for a given point in the soil mass.




= Laplace’s Equation of Continuity
: | ¥ » The steady state flow of water from the
. - ; upstream to the downstream side through
¢ ISt e e = the permeable layer is a two dimensional
o flow.
S e R ' @ ' A7) dx dy
*The rate of flow of water into _ay i T
the elemental block in the - i
horizontal direction is equal o ca | — | = - @ 2% 4Dz dy
to vxdz.dy, and in the vertical A e T T
direction it is vzdx.dy. e T



ILaplace’s Equation of Continuity
Derivation.....

The rates of outflow from the block in the horizontal and vertical directions are, respectively,

-

l:"?f'-'1l P & b - L .___.»--- ------
( -i_:'... -4 - = ff-t’ ) {! . l:-i‘r_‘l? i wl IILI ( 3. — - = ffz ) {-f-l- {I N e I_
e - Az i == .

...Assuming that water is incompressible and that no volume change in the soil mass
occurs, we know that the total rate of inflow should equal the total rate of outflow. Thus,

M, dv, _ )
[(ul = .:'Lt') dzdy + (1.::_ e d:) dx ii'_}-’il — [vydzdy + v, dxdy] =0

il X o




. 9 With Darcy’s law. v, =Kk i, = k, —
or v, Ju 0 Ax
= Lo — |:I'>
ax Az Y
and v, = ki, = k; o
LA
D -
R -h
k.[ - > _I_ kE . 2 — 0
ox oL

Assuming the soil is isotropic with respect to the hydraulic conductivity), (kx=kz),
then;

)

I

i P
o-h o I
—_— ***continuity equation for two-

a Zz dimensional flow

b9

Q)
»




Laplace’s Equation of Continuity
Derivation.....(continue...(

0°h/9x*+ 9°h/dy*+ 0°h/dz* =0

Laplace Equation which governs seepage in
homogeneous, isotropic soil deposits.

)***general form)




O Possible Methods for Solving the Laplace Equation.

1. Analytical, closed form or series solutions of the PDE.
-quite mathematical, and not very general.

2. Numerical solution methods

typically, the finite element method or the finite difference
method.

svery powerful and easy to apply

.can deal with heterogeneity, anisotropy, 2D, 3D

3. Graphical Techniques — Flow—net Methods

commonly used in engineering practice to solve 2D flow
problems.

the ideas behind this method are now explained.




Flow Nets s

hime
, —
A

Solutions of Laplace equation -:
consist of two families of

orthogonal curves in the (x,z)
plane.

quipotential ling ————>

These families of curves make a

~— Sheet pile

ﬂOW net' w—— Sheet pile
—_— Vater level — Y
flow net:is the combination of a 115 =
number of flow lines and
equipotential lines. k =k, =K
Impervious layer
81

#-

Yo Water level
St I

(a) Debmuon of How lines and equipotential hines: (by completed Bow net




*Flow line: is a line along
which a water particle will
travel from upstream to
the downstream side in
the permeable soll
medium.

« Equipotential line: is a
line along which the

potential head at all points
IS equal.

p<— Sheet pile
R AR v
[ —
y
iy v -
S & 53
A~
Flo )
e
LS
Equipotential ling ———0
Impervious layer & o8
< Sheot pile
Water level _:_
f"
’ —v— V. Water level
3 " ’ — BN Fr.
2 W= i o & 2
-
¢ k
N B
j
Ny LS
! L4
Impervious r

b

* 2 (a) Debmtion of How lines and equipotential hines; (by completed How net




Flow net

To complete the graphic construction
of a flow net, one must draw the flow and equipotential lines

in such a way that
1. The equipotential lines intersect the flow lines at right

angles.

2. The flow elements formed are approximate squares.
Example of flow net in isotropic permeable layer is given in
Figure 8.4. In these figures, N;is the number __ .
of flow channels in the flow net, and N.1s the number of B = enrea H
potential drops o R T AL el

Flow net under a dam with toe filter

-4

== 0
WO lan e
=



Drawing a flow net takes several trials. While constructing
the flow net, keep the boundary conditions in mind. For
the flow net shown in Figure 8.3b, the following four
boundary conditions apply:

Condition 1: The upstream and downstream surfaces of
the permeable layer (lines ab and de) are equipotential
lines.

Condition 2: Because ab and de are equipotential lines, all
the flow lines intersect them at right angles.

Condition 3. The boundary of the impervious layer—that
1s, line fg—is a flow line, and so is the surface of the
impervious sheet pile, line acd.

Condition 4. The equipotential lines intersect acd and fg at
right angles.

<— Sheet pile
Water level -—T-— _;_
H, - —L— Water level
l b alld > e H>
Er=k=k €
Nr=4
\;‘: 6
f g

Impervious layer

(h)

(a) Definition of flow lines and equipotential lines: (b) completed flow net



e Seepage Calculation from a Flow Net:
Consider the adjacent flow channel....

AN b,
/ h;

> 7
S [ A
B {1 J;~ [
-.\\q]l C: .

/‘ A(jj

- [ ——

| Ag
¢ _\(]1

*The rate of seepage through the flow channel per unit length can be calculated as
rollows.

Because there is no flow across the flow lines,

Ag, = Ag, = Aq; = ---= Agq




From Darcy’s law. the flow rate is equal to kiA. Thus,

h, — h, h, — h, Re— N
Agq=k\——— ), =k|\| ——— L =k\ ——— )l ="
[| 12 [}

if the flow elements are drawn as approximate squares, the potential

drop in the piezometric level between any two adjacent equipotential
lines is the same. Thus,

H
N g4
H
Ag = k——
N 4
where H = head dilference belween the upstream and downstream sides

N, = number of potential drops




oIf the number of flow channels in a flow net is equal to Nf ,the total rate of flow through all
the channels per unit length can be given by;

HN,
= Kk
q N,
It by/l, = b5/l = bsy/l; = --- = n (i.e., the elements are not square)

\ 4/ }'1
L by
o 7
// S - f:’l 4
S/ 2 ‘;"“\ ba
fra % / Tl A B
4 ==\ = —
,"m € S0 Ag
L 4 z J&




The rate of flow through the channel

, - lﬁ }s/
_\q:k< "[ 'L)blzk( ’*l “)bz
: 1 2

f‘}l‘}’] =b’21‘”2=1}3!{;3= SE LS

_ k(h, : h4>b3 o




Example....

k k 2kH K
Ag, + Ag, =—H + —H = Ag; = H(0.38)
qj qi Nd Nd’ Nd Nﬂ"
Water level e gy
*
H
v N + Water table
] == 22m
Ground surface - S iume /
i == = - _“* Flow channel 1 5 =1
- ‘ Flow channel 2 == 1
- || h 13 1’” :
N o < ow channe 5 038
Scale -
Sm

Impervious laver

Figure 8.7 Flow net for seepage around a single row of sheet piles

H
g = Ag, + Ag, + Agy = 2,33k
Ng4




Example 8.2

A flow net for flow around a single row of sheel piles in a permeable soil layer is shown
in Figure 8.7. Given that k, = k. = k = 5 X 10 ? cm/sec. determine

a. How high (above the ground surface) the water will rise if piezometers are
placed at points @ and b.

b. The total rate of seepage through the permeable layer per unit length

c. The approximate average hvdraulic gradient at c.

Solution

Part a

From Figure 8.7. we have N, = 6, H; = 5.6 m, and H, = 2.2 m. So the head loss of
each potential drop i1s

At point a. we have gone through one potential drop. So the water in the piezome-
ter will rise to an elevation of

(5.6 — 0.567) = 5.033 m above the ground surface




At point b, we have five potential drops. So the water in the piezometer will rise
to an elevation of

[5.6 — (5)(0.567)] = 2.765 m above the ground surface

Part b
From Eq. (8.25).

JKH — Hy)  (238)(5 10~ *m/sec)(5.6 — 2.2

N, 6
6.74 X 10 *m’/sec/m

qg=23

Part c
The average hydraulic gradient at ¢ can be given as

- head loss _AH  0.567m — 0138
average length of flow between d and e AL 4.1m o
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Flow Nets in Anisotropic Soil.

*To account for soil anisotropy with respect to hydraulic conductivity, we must modify the

flow net construction.

*The differential equation of continuity for a two-dimensional flow

] g
J°h a°h
ke th =
ax’ 37°
o*h *h
+

(k k) axt 07"

*h 0*h
- =

a 19 % )
dx =  d7

()

=For anisotropic soils, (k,# k,) In this case, the

equation represents two families of curves that
do not meet at 90.

- = () ==> Substituting x" = Vk,/k, x

« New transformed coordinate
(x replaced by x’)




Procedure to construct the flow net in Anisotropic Soil:

Step 1: Adopt a vertical scale (that is, z axis) for drawing the cross section.

Step 2: Adopt a horizontal scale (that is, x axis) such that horizontal scale =
Vk./k, X vertical scale.

Step 3: With scales adopted as in Steps 1 and 2. plot the vertical section through
the permeable layer parallel to the direction of flow.

Step 4: Draw the flow net for the permeable layer on the section obtained from
Step 3, with flow lines intersecting equipotential lines at right angles and
the elements as approximate squares.

The rate of seepage per unit length can be calculated by

HN
q = Vk.k 4

TN,




[ 1

&.t'
Vertical scale = 6m

| S|
Horizontal scale = 6(‘/3) = 14.7m

Figure 8.8

A flow element

n anisotropic soil:
(a) in transformed
section; (b) in true
section




e

Example 8.3

A dam section i1s shown in Figure 8.9a. The hydraulic conductivity of the permeable
layer in the vertical and horizontal directions are 2 X 10 % mm/s and
4 < 10 * mm/s. respectively. Draw a flow net and calculate the seepage loss of the
dam in ft'/day/ft

Solution
From the given data.

k.= 2 X 10 *mm/s = 5.67 ft/day

~
I

IS
X

1072 mm/s = 11.34 ftv/day

J

25 h (a) I
Vertical scale = 25 f1




and A = 20 ft. For drawing the flow net,

: X102, .
Horizontal scale = | — (vertical scale)
V 4 x 1072

l
= ?(verlical scale)
On the basis of this, the dam section is replotted, and the flow net drawn as in Figure 8.9b.
The rate of seepage is given by ¢ = VK. k. H(N,/N,). From Figure 8.9b, N, = 8 and
N; = 2.5 (the lowermost flow channel has a width-to-length ratio of 0.5). So,

= V/(5.67)(11.34) (20)(2.5/8) = 50.12 ft*/day/ft .




Mathematical Solution for Seepage:

The seepage under several simple hydraulic structures can be solved
mathematically.

Harr (1962) has analyzed many such conditions.




oA nondimensional plot for the rate of seepage around a single row

of sheet piles.

1.4 Water wable v ’ s 2

\ - - Water table

- =
1.2 \ t s |

\ T ——————— k= k_ =k

\ \
\\ "”' ) ’.‘\ P 2 o
1.0 - \ LR AT TN :
.\\ Impermeable laver
N\
0.8 N\
N
) A
kH \
0.6 — .
.
~
0.4 - G
.
Y
~
O: ™1 \‘\
\\
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
S/T

S: the depth of
penetration of the
sheet pile

T': is the thickness of

the permeable soil
layer.

Figure 8.70 Plot of g/kH against
S/T' for low around a single row
of’ sheet piles (Afier Hairr, 1962)




nondimensional plot for the rate of seepage under a dam.

le P |
il 13 >
— - L . | M =11, - H,
= A ) B
? re o j b=
H, o I ~ v _+__
~-'F N b 3 P h —— ¥
-~ AN _TINY - »
e SARTCe SR 2
5 x —>
' Al l Sheet pile ko= k, o=k
i S x :
D Oty ’.-'_‘ $ o ATy IR iy Ao, _ . Impervious layer
4 ks - ;r‘,' s '@ ‘r.,' .--.‘_-,;-',;_.--’-‘.‘0 ]
0.6
L) 7, I 3
I’ ‘T 4 e e —
)
0 $_ 1 L .
o 2"‘__,_”—’—
1"' "'—"' e — ——— —
-«—;,- - P —
: N N |
i
0.4 - A ——
S T O ) |
i I S
0.2 , ,

= 1.00 +0.75 =0.25

Figure 8.17 Seepage under a dam (After Harr, 1962)

=0.00




Example 8.4

Refer to Figure 8.1 1. Given: the width of the dam. B = 6 m: length of the dam. L = 120 m:
S=3m:T =6m: x=24m: and H, — H, = 5 m. If the hydraulic conductivity of the
permeable layer is 0.008 cm/sec. estimate the seepage under the dam (Q) in m*/day/m.

Solution
Giventhat B=6m. 7T =6m.andS=3m.sob = B/2=3m.

b 3

= = =05
g gt 6
S 3

= — =05
7 S 6
X 2.4
5 5

From Figure 8.11. for /T = 0.5. S/T" = 0.5. and x/b = 0.8, the value of ¢/kH = 0.378.
Thus,

O =gl =0378 k HL = (0.378)(0.008 x 1072 x 60 X 60 X 24 m/day)(5)(120)
— 1567.64 m¥/day -




Uplift Pressure Under Hydraulic Structures.

HIN,=7/7=1m

The uplift pressure at

a (left corner of the base)

(Pressure head ata) X (v,,)
[(7 +2) — 1]y, = 8y,

[9 = (2)(D)]Yw
";) o {"j)“ }]Tm

Y

b =
f 3“}"-!13‘

The uplift force per unit
length can be calculated

by finding the area of the
pressure diagram.

Figure 8.12

8, kKN/m?
5 (h)

«— 14 m —>]
- . :
— essh |
, |
‘ |
———————— =
\,a b :c dt v fir i/
=7, | \ &
Sr—1 — \ ky =k, =}
! / ] —t \ \
! I | \ |
-, | (] |
,s ‘ .- .4 " 7’
¥ AL S Lis " Impermeable layer
(a
:: I4m »
a h c ! I /
A A A 3 A A
’/
- ' 7T
1" 3%y KN/m
— ;KN
- 4y, KN/m
| —" Svp kN/m?
" Oy kKN/m?
,,"" 7Y KN/ m->

(a) A weir; (b) uplift force under a hydraulic structure




Seepage Through an Earth Dam onan Impervious Base:

Frgure 8.13 Flow through an earth dam constructed over an impervious base
s .
*a’bc is parabolic.

*The slope of the free surface can be assumed to be equal to the hydraulic
gradient.

A
:‘ d >
' <>
| 0.3A
|<—>|
Waler level e % a (E
! | 7
: e Tie Ay e, Ct
ax | =
H : I | \
o o i L
| ; o \P‘/
Nox | s (’[ ZC
| '
|




» It also is assumed that hydraulic gradient is constant with depth (Dupuit,

(1863
. dz
§ ==
dx
» Considering the triangle cde, we can give the rate of seepage per unit length
of the dam;,
g = KiA
L
T 11 &¥

A= (ce)(1) = L sin«

q = k(tan a)(L sin @) = kKL tan a sin «

(at Tight angles to
the cross section )

(8.30)




Again. the rate of seepage (per unit length of the dam)
through the section bOf is

dz ) az .
=Rkid =& — )= ki— (8.31)
g (d.x: ( ) dx
For continuous flow,
(Eq. (8.30) — Eq.(8.31)
dq-
or kz —= = kL tan a sin «
dx
rz2=H ~x=d
or kzdz = (kL tan a sin &) dx
“Zz=L sin & “x=1.cos a

S(H? — L?sin*a) = L tan a sin a(d — L cos )

2 2

— —

IIZ L2 2 2 R N
el Ld(sm a) — L sin“ o

COS &




—_ = I.d — [*cos «

> -2
H~* cos av .7 cos
2

sin? a 2
H? cos a
or J2cosa— 2Ld + —— =0
SiInT o«
| 2 )

d d = This solution is known as:

L = — 5 = = Schaffernak’s solution (1917)
COS & \ cCOSs” oy Sin” o with Casagrande’s correction

Following is a step-by-step procedure to obtain the seepage rate g
(per unit length of the dam):

Step 1:  Obtain a.

Step 2: Calculate A (see Figure 8.13) and then 0.3A.

Step 3: Calculate d.

Step 4:  With known values of a and d. calculate L from Eq. (8.32).
Step 5:  With known value of L, calculate g from Eq. (8.30).




Example 8.5

Refer to the earth dam shown in Figure 8.13. Given that 8 = 45", &« = 307, B = 10 I,
H = 20 i, height of dam = 25 1. and k = 2 X 10 * f/min. calculate the seepage rate,
. in t'tjf-:layfﬁ length.

Solution
We know that 8 = 45° and a« = 30°. Thus.

F 20
A= = —— = 20ft 0.3A = (0.3)(20) = o6ft
tan 3 tan 45°
20— 2 25
rf={'.l.3.ﬁ.+( }+B+
tan B tan o
25— 20 35
=|5+[ J+ID+ = 64.3ft

tan 457 tan 30




From Eq. (8.32),

d d* H?

|

L

= - .
COS o N cos 2a sin “«

64.3 \/( 64.3 )2 ( 20 )2 .
cos 30 cos 30 sin 30 s

g =kLtana sina = (2 X 10°%(11.7)(tan 30)(sin 30)

From Eq. (8.30)

= 6.754 X 107* f/min/ft = 0.973 ft'/day/ft



L. Casagrande’s Solution for Seepage Through an Earth Dam.

dz _
[ = — = sin @
s
where ds = Vdx* + dz”

(] _ A,"A — k Sin (_]'('L SIn (1'_)
1z
q*/\l/\—/\<( )(IXE)

zdz = ‘ I.sinads

1. sin «

where s = length of curve a’'bce

1, )
—(H? — L?
2 .

Casagrande (1932) showed that, when the downstream slope ngle in Figure 8.13
becomes (a 30) deviations from Dupuit's assumption (i
noticeable. Thus, L. Casagrande (1932) suggested that:

= Kkl sin“ o

sina@) = L sinZ a(s — L)

=dz/dx). become more




/ 2
I. = 2 =

N
SInNnT @

With about 4 to 59 crror. we can write

s = \d?*+ H?

L =\ d? + H?> — \Vd? — H? cot® o

Once the magnitude of L
the rate

1s known.
of seepage can be calculated

qg = kL. sin” «




to avolid the approximation a graphical solution was
provided by Gilboy (1934) Note,
L sin

H

In order to use the graph.

nt —

Step I: Determine d/7H.

Step 2: For a given d/H and «. determine m.
mH

sin

Step 4: Calculate kL sin? a.

Step 3: Calculate L =



100

0.4 0.3 0.2 0.15 i — 0.1

S |

80

60 —
a (deg)

40

20 -

d/H

Figure .74 Chart for solution by L.. Casagrande’s method based on Gilboy’s solution



Filter Design:

For proper selectionof the filter material,

Condition 1: The size of the voids in the llter material should be small enough o
hold the larger particles of the protected material in place.

Condition 2: The filter material should have a high hydraulic conductivity to prevent
buildup of large seepage forces and hydrostatic pressures in the filters.

Toe filter

layer

Figure 8.75 Steady-state seepage in an earth dam with a toe filter




Large sphere

Small sphere

(a)

Soil 1o be
protected

Dysery

Figure 8.16 (a) Large spheres with diameters of 6.5 times the chameter of the small sphere;
(b) boundary between a filter and the soil to be protected



S(F
B < Aes (to satisfy Condition 1)
Dgss)
D5
= 4to5 (to satisfy Condition 2)
D5

where D5 = diameter through which 15% of filter material will pass
D, s, = diameter through which 15% of soil to be protected will pass
Dygss, = diameter through which 85% of soil to be protected will pass

et the grain-size distribution of this soil be given by curve « in Figure 8.17.
We can now determine 3Dgss, and 3D, 5, and plot them as shown in Figure 8.17.

The acceptable grain-size distribution of the filter material will have to lie in the shaded
zone. (Note: The shape of curves b and ¢ are approximately the same as curve a.)




Curve a
Curve ¢ Curve b (s0il to be protected)

Percent finer

20

0 T T T

100 5.0 1.0 05 0.1 0.05 0.01 0.005 0.002
Grain-size distribution {(mm)

Figure 8.77 Determination of grain-size distribution of filter using Egs. (8.41) and (8.42)



N situ Stress



o Stresses in Saturated Soil without Seepage

l||<
—>

Pore waler

Solid particle

o =.Hyy + (Hy— H)yq

a

a = total stress at the elevation of point A
Y. = unit weight of water
Yeu = saturated unit weight of the soil

N . ; | ST !
H = height of water table from the top of the soil column| (€ Cross-sectional area = 4 ——,

H , = distance between point A and the water table
A (a)




The total stress, o, given by the following equation can be divided into two
parts:

o= Hy, + (Hy — H)Vu

1. Aportion is carried by water in the continuous void spaces. This portion acts
with equal intensity in all directions.

2. The rest of the total stress is carried by the soil solids at their points of contact.
The sum of the vertical components of the forces developed at the points of

contact of the solid particles per unit cross-sectional area of the soil mass is
called the effective stress.




The value of a', is small and can be neglected in practical problems

a as sy ady
> o e > > <
> o -
By T ‘o A
\‘s"\ \ ,'1.5'0‘ A :-‘ §:
W2 Be ,,c R e 8 v - -
- \. > ) “ \“ .2""_ _____ \
T e . — - -8
P, N\ A \P
P, P, 1

€« Cross-sectional area = A —>

|

, PI{;—:] T PZ[:-;'J : P’-{I'l} . gl F:n{r:}
o = —
A

u(A — ag)
A

o =ar =o' + u(l — a))
The value of (a ') is
extremely small and

; can be neglected
o =0 T U




o + u

g

o’ = [Hy'll’ + (H4 o H)stl] o H.A’yuf
(HA T H)(ysal T YN_')

= (Height of the soil column) X '

where ¥ = vy, — VY. equals the submerged unit weight of soil.

O effective stress: is approximately the force per unit area carried by
the soil skeleton.

O The effective stress in a soil mass controls its volume change and
strength.

O Increasing the effective stress induces soil to move into a denser
state of packing.




The effective stress principle is probably the most important concept in geotechnical
engineering.

The compressibility and shearing resistance of a soil depend to a great extent on the
effective stress.

The concept of effective stress is significant in solving geotechnical engineering
problems, such as:

the lateral earth pressure on retaining structures
The load-bearing capacity

settlement of foundations

the stability of earth slopes

hwnhE




with no seepage.

*Submerged soil in a tank
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Figure 9.2 {(a) Laycr of soil in a tank where there 1s no scepage: Variation of (b) total stress,
() pore water pressure, and (d) effecuve suaess with depth for a submerged soil layer without




*For fine-grained soils, intergranular contact may not physically be there, because
the clay particles are surrounded by tightly held water film. In a more general sense,
we can be write:

o=0o,+ul —a;) — A"+ R’

o intergranular stress
A’' = electrical attractive force per unit cross-sectional area of soil
R’ = electrical repulsive force per unit cross-sectional area of soil

|

For granular soils, silts, and clays of low plasticity, the magnitudes of A’
and R’ are small. Hence, for all practical purposes,

o, =0 =o —Uu

However., if A’ — R’ is laree. then o.. # o’.
o iz




Example 9.1

A soil profile is shown in Figure 9.3. Calculate the total stress, pore waler pressure, and
effective stress at points A, B, and C.

A
-

I 3
6m M Yary = 16.5 kN/m

Groundwater table

Saturated sand
Vst = 19.25 kN/m?

O Dry sand Saturated sand [ Clay

Figure 9.3 Soil profile




Solution

At Point A,
Total stress: o4, = 0
Pore walter pressure: u, = 0
Effective stress: o'y = 0
At Point B,
0-8 - 67dry(sand) — 6 X 16.5 = 99 kN/mz
up = 0 kKN/m?
o'y =99 — 0 = 99 kN/m?
At Point C,

Oc¢c = 67dry(sand) + 137sat(clayl
6 X 165+ 13 X 19.25

99 + 250.25 = 349.25 kKN/m?*
13y, = 13 X 9.81 = 127.53 kN/m?
o'c = 349.25 — 127.53 = 221.72 kN/m?

=
8
|



o Stresses in Saturated Soil with Upward Seepage

;:

Inflow —%

¥ X‘It‘ Valve (open)
o |

»The total stress at any
point in the soil mass is
due solely to the weight
of soil and water above it.

Total stress, o
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At A,

= Total stress: o4, = H Y.

= Pore water pressure: u, = H;v,.

= Effective stress: o4 = o4 — uqy = 0
At B,

« Total stress: oz = H;vy,, + H>y..

= Pore water pressure: uy = (H, + H, + h)y,
« Effective stress: o = o5 — Upg

Hl(ysal - yu’) - ;Iytt'
s H:)" = er-w

Similarly, the effective stress at a point C located at a depth z below the
top of the soil surface can be calculated as follows:

At C,

+ Total stress: oc = H1Yw + Z¥<a

h
= Pore water pressure: u, = | H, + z + 7.3 )Y
L

« Effective Stress: ¢ = O¢ — U
73
= Z('ysm _ ‘Y'w) T ][,z‘yw
: h )

7 Bt g
z




Note that i/H, is the hydraulic gradient i caused by the flow. and therefore.

r it Gl T . e
ac = LY LY w

» If the rate of seepage and thereby the hydraulic gradient gradually are increased,
a limiting condition will be reached, at which point:

o = z'}"’r — 12 = U
Q where i, critical hydraulic gradient (for zero effective stress). Under such a

situation, soil stability is lost. This situation generally is referred to as
boiling. or a guick condition.




Example 9.2

A 20-ft thick layer of stiff saturated clay is underlain by a layer of sand (Figure 9.5). The
sand is under artesian pressure. Calculate the maximum depth of cut H that can be made
in the clay.

A Yeu = 120 Ib/ft3

—

201t

_¥_
TRl e ) - e

Saturated clay [_] Sand

Figure 9.5




Solution
Due to excavation, there will be unloading of the overburden pressure. Let the depth of
the cut be H, at which point the bottom will heave. Let us consider the stability of point

A at that time:

T = (20 = )Ysa(clay)
u, = 12y,

For heave to occur, o should be 0. So
o = (20— H)‘Ysm(clay) — 15T
or

(20 — H)120 — (12)62.4 = 0
= (20)120 — (12)62.4
B 120

= 13.76 ft




o Stresses in Saturated Soil with Downward Seepage
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. Seepage Force
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The effect of seepage is to increase or decrease the effective stress at a point in a layer
of soil. Expressing the seepage force per unit volume of soil is convenient.

A

=

vt

Volume of soill = zA
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Figure 9.7 Force due to (a) no seepage: (b) upward scepage: (¢) downward scepage on a




Example 9.3

Consider the upward flow of water through a layer of sand in a tank as shown in Figure
9.8. For the sand, the following are given: void ratio (e) = (.52 and specific gravity of
solids = 2.67.

a. Calculate the total stress. pore water pressure, and effective stress at points
A and B.

b. What is the upward scepage force per unit volume of soil?

IR = SR T 1
T —
1.5m
BESEE S v v W,
T —_— —_—
O.fm »
_____ ' /)
A T - -
I m 3 -
1) A
2o = .
B g o3 UHALS J
A P . 7e e
e ot <

‘ﬁ. Valve (open)
Inflow ——» 1 y‘m
D Sand

Figure 9.2 Upward flow of water through a layer of sand in a tank




Solution
Part a
The saturated unit weight of sand is calculated as follows:

_ (G, + )y, _ (2.67 + 0.52)9.81

— 20.50 kKN/m®
T 5o 1 + 0.52 0.3 N/

Ysat

Now, the following table can be prepared:

Effective
stress,
Pore water pressure, v o =0 —u

Point Total stress, o (kN/m?) (kN/m?) {(KN/m?)

A 0.7y, + 1y, = (0.7)(9.81) 15 3.43
+ (1)(20.59) = 27.46 (L=00)k \m )(0) | ve
= (2.45)(9.81) = 24.03

B 0.7Y,p + 27, = (0.7)(9.81) (2 + 0.7 + 1.5)y, 6.85

+ (2)(20.59) = 48.05 = (4.2)(9.81) = 41.2

Part b
Hydraulic gradient (i) = 1.5/2 = 0.75. Thus. the seepage force per unit volume can
be calculated as

ivw = (0.75)(9.81) = 7.36 kN/m° .




e Heaving in Soil Due to Flow Around Sheet Piles
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Figure 9.9

{a) Check for heaving

on the downstream side for
a row of sheet piles driven
into a permeable layer:

(b) enlargement of

heave zone

*Terzaghi (1922) concluded that heaving generally occurs within a distance
of D/2 from the sheet piles (when D eguals depth of embedment of sheet




The factor of safety against heaving can be given by
FS = — (9.14)

where FS = factor of safety
W' = submerged weight of soil in the heave zone per unit length of
sheet pile = D(D/2)(Yw — Yw) = (3)D%Y'

U = uplifting force caused by seepage on the same volume of soil

From Eq. (9.13).

U = (Soil volume) X (i) = 5D Y.

where i, = average hydraulic gradient at the bottom of the block of soil
Substituting the values of W’ and U in Eq. (9.14), we can write

L

y
2o

FS = (9.15)




For the case of flow around a sheer pile in a homogeneous soil, as shown in
Figure 9.9, it can be demonstrated that

U —_—
().Swa(Hl e H:)

G

where C, is a function of D/T (see Table 9.1). Hence, from Eq. (9.14),

W' 0.5D*y’ Dy’

F§=—-= -
U 0-5C07|¢’D(Hl - HZ) Co?w(Hl - H2)




Table 9.7 Variation of C, with D/T

D/ T C,

0.1 0.385
0.2 0.365
0.5 0.359
0.4 0.353
0.5 0.347
0.6 0.339
0.7 O.327
0.8 0.309
0.9 0.274




o Effective Stress in Partially Saturated Soil
In partially saturated soil, water in the void spaces is not continuous, and it is a three-phase
system—that is, solid, pore water, and pore air.

QBishop, et al (1960) gave the following equation for effective stress in partially
saturated soils...

Frore air .'—“' - ’ :--:-- ': ".,;':".-_A:"_:;- : v
o = o — u, + x(u, — u,) ST SRS > son picte
where o’ = effective stress VO —
o = total stress P o
. FPore water 7 e '_T
1, = pore air pressure N
u,, = pore water pressure PR O I ANV SR B

X represents the fraction of a unit cross-sectional
area of the soil occupied by water.
For dry soil xy = 0, and for saturated soil y = 1.




Pore air

Pore water

Figure 9.13 Partially saturated soil

Solid particle




*Bishop, et al. have pointed out that the intermediate values of x will depend primarily
on the degree of saturation S.

1.0

0.8

0.6 —

X
Thcnr'v ——>

0.4 —

0.2 — //'

0.0 T . T T 1

0 20 40 60 30 100

Degree of saturation, § (%)
® Drained test

Figure 9.74 Relationship between the parameter y and the degree of satration for Bearhead silt
(After Bishop er al, 1960. With permmission from ASCE.)




e Capillary Rise in Soils

«—— Atmospheric pressure
|
o] <« oy >

Capillary tube ——»| | £,

Free water surface
v ‘|, < ‘ Pressure .
— T N3 +
f1
& ————————- l ‘ :
< fry,, >
(a) (b)

Figure 9.15 (a) Rise of water in the capillary tube: (b) pressure within the height of rise in the
capillary tube (atmospheric pressure taken as datum)




*The height of rise of water in the capillary tube can be given by
summing the forces in the vertical direction, or

(% d? )h‘,‘y". = 7dT cos «

47 cos « (921)
dY

h.

surface tension (force/length)

where 7

a = angle of contact
d = diameter of capillary tube
Y., = unit weight of water
For pure water and clean glass. @ = (. Thus. Eq. (9.21) becomes
; 4T
b= (9.22)
dYw

For water, T = 72 mN/m. From Eq. (9.22). we see that the height of capillary rise

I

Thus. the smaller the capillary tube diameter, the larger the capillary rise.

h, (9.23)




A
Y
’7|
-
Ilz
v L L >
—_— | 0 100
— —f—' — Degree of saturation (%)
Screen
(a) (b)

[] sandy soil [] Water

Figure 9.76 Capillary effect in sandy soil: (a) a soil column in contact with water; (b) variation
of degree of saturation in the soil column




lable 9.2 Approximate Range of Capillary Rise in Soils

Range of capillary rise

Soil type m
Coarse sand 0.1-0.2
Fine sand 0.3-1.2
Silt 0.75-7.5

Clay 7.5-23




. Effective Stress in the Zone of Capillary Rise

The pore water pressure v at a point in a layer of soil fully saturated by capillary rise is
equal o -yA.

(h = height of the point under consideration measured from the
groundwater table)

QIf partial saturation is caused by capillary action, pore water
pressure u can be approximated as:

S
— 2 V=7
“ (l[}{})}'** ?

»>where S = degree of saturation, in percent.




Example 9.5

A soil profile is shown in Figure 9.17. Given: 4, = 6 ft. H, = 3 {1, H; = 6 11
Plot the variation of o. u. and ¢’ with depth.

T ErdiiEeavs Zoneofcup:narynw B Ao
F; S FG =265 e =08 . C i TS
O T 7 Dc,grt:cofsammqon?-‘-?“w% Tt

[] sand Saturated clay Fl rRock

Figure 9.17




Solution
Determination of Unit Weight

Dry sand:

Vo (2.65)(62.4)

Ydzana) = 7 1 + 05

= 110.24 Ib/ft">
Moist sand:

G, + Se)y., [2.65 + (0.5)(0.5)]62.4
Yeand — L ) = g ( )(- )] = 120.64 1b/1°
| 4+ e 1 + 0.5

Sarurated clay:

_ G _ (2.71)(0.42) .

_ 1382
“ S 1.0 LoESE
(G, T+ )y, (2.71 + 1.1382)62.4
-ysal(cluy) = I + e = 1 + 1.1382 = 112.3 lb/fl3

—alculation of Stress

Af the ground surface (i.e., point A):

|
=

a

|
=

7
o’ o — =10




At depth H, (i.e., point B):

o = yAsand)(6) = (110.24)(6) = 661.44 Ib/ft*

« = 0 (immediately above)

u= —(Sy,H,) = —(0.5)(62.4)(3) = —93.6 Ib/ft* (immediately below)
o' = 661.44 — 0 = 661.44 Ib/ft* (immediately above)

o' = 661.44 — (—93.6) = 755.04 1b/ft* (immediately below)

At depth H, + H (i.e., at point C):

o= (110.24)6) + (120.64)(3) = 1023.36 Ib/ft*
u=»10

o' = 1023.36 — 0 = 1023.36 Ib/ft?
At depth H, + H, + H, (i.e., at point D):

o = 1023.36 + (112.3)(6) = 1697.17 Ib/ft?
u = 67y, = (6)(62.4) = 374.4 Ib/ft?
o' = 1697.17 — 374.4 = 1322.77 Ib/ft?




o (KIN/m?2) i (KIN/m?2) o’ (KN/mP)
0.0 > 0.0 > 0.0 >
31.71
1.83 31.71 —4.46 1.83 —— 36.17
2.74 48.97 2.74 48.97
4.57 4.57
81.29 63 3
Y v Y
Depth (m) Depth (m) Depth (m)

Figure 9.18




Stresses in a soil mass



e Normal and Shear Stresses on a Plane

P * ){ ] o, : normal stress

T,. shear stress

. 7 “ %0 ; (2O
N0 ‘ I'e < B
AlLEs Y B 4_1_ T
= o
(a) (h)

Figure T70.7 (a) A soil element with normal and shear stresses acting on it: (b) free body diagram
of EFB as shown in (a)
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o s
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Major principal stress:
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O, = O, = =
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Minor principal stress:

>
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» The normal stress and shear stress that act on any plane can also be
determined by plotting a Mohr’s circle.

Mohr's Circle Sign Conventions:

=Compressive normal stresses are positive sShear siresses are positive, 1f when thewy
o + act on two opposing Faces. they lend to

l produce a counterclockwise rotation.

T_

il -

T




The question that Mohr’s Circle helps to answer is:

Given the stresses on any two perpendicular planes passing through a

point A, what are the stresses on all other planes passing through the
same point?
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Figure 70.2 Principles of the Mohr’s circle
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Figure 70.3 (a) Soil element with AB and AD as major and minor principal planes:
(b) Mohr’s circle for soil element shown in (a)
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Example 10.1

A soil element is shown in Figure 10.4. The magnitudes of stresses are o, =
2000 1b/ft?. 7 = 800 Ib/ft. o, = 2500 Ib/ft>. and 8 = 20°. Determine

a. Magnitudes of the principal stresses
b. Normal and shear stresses on plane AB. Use Eqgs. (10.3), (10.4), (10.6),
and (10.7).

GT‘.

Part a
"i" : From Eqs. (10.6) and (10.7).

rrg} o, + o, /[ay = -

w o e—— J
> Y

! o, -
t 3 2500 + 2000 / 2500
N

Solution

]

(& 287

i

+ (—800)3

&)

— | o, = 3088.15 Ib/ft?
i l’ o, = 1411.85 Ib/ft?

(o 4 57 0 JUNN ) e ¢ i .
o, = = 25 = cos 268 + 7sin 28

2500 + 2000 2500 — 2000
== —— § = Ccos (2% 20) (- 800) (2 X 20)

-— —

= 1927.28 Ib/(*




0 The Pole Method of Finding Stresses Along a Plane

o,
¥

T.lll'#
D C
F
B A
> €
v ﬂ"
R0
f
A - | | B
(a)

f '

to find the stresses along a plane

o

Shear stress

According to the pole method, we draw a line from a known point on the
Mohr’s circle parallel to the plane on which the state of stress acts. The point of
intersection of this line with the Mohr’s circle is called the pole.

A
l( @ ((J;._“'-.'_.‘..) .Q((,:’v 7;_, )
os “h2p T,
s 7O\ I » Normal stress
| LG, ,
o |
PN Mo, —T,)

“igure 10.5 (a) Soil element with normal and shear stresses acting on it: (b) use of pole method

(b)




d The Pole Method of Finding Stresses Along a Plane

To find the stresses on a plane of any orientation:

1. draw a line through the pole P parallel to the plane;

2. the point where this line intersects the Mohr’s circle gives the stresses (o, {) on
the plane of interest.




Example 10.2

a. Major principal stress

For the stressed soil element shown in Figure 10.6a, determine

b. Minor principal stress

¢. Normal and shear stresses on the plane DE

Use the pole method.

g, =50 kN/m?

4+ ‘l’xy=50k.l\l/m2
D c
|
Ty = 50 kN/m?
|
4_, .'. <_l_ G, = 150 KN/m?
o
|

(a)

=
N

P
||
|| \
\ 0.7
’.. : 2 » Normal stress
\ / (kN/m2)
7 Q(+164. -299)
N (+150, -50)

(b)
Figure 10.6 (a) Stressed soil element: (b) Mohr's circle for the soil element



Solution
On plane AD:

Normal stress = + 150 kN/m?
Shear stress = — 50 kN/m?

On plane AB:

Normal stress = + 50 kN/m?
Shear stress = + 50 kN/m?

The Mohr’s circle is plotted in Figure 10.6b. From the plot,

a. Major principal stress = 170.7 kN/m?
b. Minor principal stress = 29.3 kN/m?
c. NP is the line drawn parallel to the plane CB.

P is the pole. PQ is drawn parallel to DE (Figure 10.6a). The coordinates of point QO
give the stress on the plane DE. Thus,
Normal stress = 164 kN/m?
Shear stress = —29.9 kN/m?



o Stresses Caused by a Point Load
Boussinesq (1883) solved the problem of stresses produced at any point in a|
homogeneous, elastic, and isotropic medium as the result of a point load applied on

the surface of an infinitely large half-space.

})

Figure 10.7
Stresses in an elastic
medium caused by a
point load
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Table 70.7 Variation of [, for Various Values of r/z [Eq. (10.14)]

riz A rlz A rlz f;
0 0.4775 0.36 0.3521 1.80 0.0129
0.02 0.4770 0.38 0.3408 2.00 0.0085
0.04 0.4765 0.40 0.3294 2.20 0.0058
0.06 0.4723 0.45 0.3011 2.40 0.0040
0.08 0.4699 0.50 0.2733 2.60 0.0029
0.10 0.4657 0.55 0.2466 2.80 0.0021
0.12 0.4607 0.60 0.2214 3.00 0.0015
0.14 0.4548 0.65 0.1978 3.20 0.0011
0.16 0.4482 0.70 0.1762 3.40 0.00085
0.18 0.4409 0.75 0.1565 3.60 0.00066
0.20 0.4329 0.80 0.1386 3.80 0.00051
0.22 0.4242 0.85 0.1226 4.00 0.00040
0.24 0.4151 (.90 0.1083 4.20 (.00032
(.26 0.4050 0).95 0.0956 4.40) 0.00026
0.28 0.3954 1.00 0.0844 4.60 0.00021
0.30 0.3849 1.20 0.0513 4.80 0.00017
0.32 0.3742 1.40 0.0317 5.00 0.00014

0.34 0.3632 1.60 0.0200




e Vertical Stress Caused by a Vertical Line Load
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Figure 7T0.8 Line load over the surface of a semi-infinite soil mass
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e Vertical Stress Caused by a Horizontal Line Load
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Figure 70.70 Horizontal line load over the surface of a
semi-infinite soil mass




Table 70.3 Variation of Ao ,/(g/z) with x/z

x/z Ao, /(q/z) x/z Ao, /(q/2)
0 0 0.7 0.201
0.1 0.062 0.8 0.189
0.2 0.118 0.9 0.175
0.3 0.161 1.0 0.159
0.4 0.189 1.5 0.090
0.5 0.204 2.0 0.051
0.6 0.207 3.0 0.019
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Vertical Stress Caused by a Vertical Strip Load (Finite

Width and Infinite Length)
use table 10:4

63

¢ = Load per unit area
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Figure 70.12 Vertical stress caused by a flexible strip load




Table 10 .4 Variandan of A dg with 22/8 and 208 [Egq. (10.19)]
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e Vertical Stress Due to Embankment Loading

F qf-' —
Ao, = = QGIZ
|
af
g, = yH
L 7 L 4
‘1‘..:'.; '\1 ,‘n &." \.
PRI o) BSE
’ o~
az <.
Figure 10.14 .
Embankment \\‘\\
loading Te Y




Aaz - q012

23

Figure 10.15
Osterberg’s chart
for determination
of vertical stress
duc o ecmbank-
ment loading

b

0.50

0245

.40

0.35

0.30

0.05

0.00

4 — 30
3 T
1 16
] 14
4 I

. |

\.

:

A \ A

\

04

\

|

B e L fam o R B W 8
0.01 0.1

T

TS 13 Ll T I T P I R T Iy

| 355 §

1

TN
100




IV:1.5H 0Om IV:2H
l ¥ = 18 kKN/m?
¥ SRSV RS R REITE F ST RS A I A RS
L
v
A - (2)

(b

«—— 15m —D-:

10m | 2oy

(<) Figure 10.16




e Vertical Stress Below the Center of a Uniformly Loaded
Circular Area

|
j.ﬂ', - I}'{l == [{sz}l_!_ I]JIZ}

Load per unit wea — g

Figure 710.77
Vertical stress below the center of a uniformly loaded
flexible circular area




Table 710.5 Variation of Ao,/g with z/R [Eq. (10.25)]

z/R Ao,/q z/R Ao.lq
0 l 1.0 0.6465
0.02 0.9999 1.5 0.4240
0.05 (0.9998 2.0 0.2845
0.10 0.9990 2.5 0.1996
0.2 0.9925 3.0 0.1436
0.4 0.9488 4.0 0.0869
0.5 0.9106 5.0 0.0571

0.8 0.7562
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Figure 710.78 Stress under the
center of a uniformly loaded
flexible circular area




e Vertical Stress at Any Point Below a Uniformly Loaded
Circular Area

—\-U';_ — G(A' T B'} where A’ and B' are functions of z/R and r/R.
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Table 10.6 Variation of A’ with z/R and #/R"

r/R
z/R 0 0.2 0.4 0.6 0.8 1 1.2 15 2
0 1.0 1.0 1.0 1.0 1.0 0.5 0 0 O
0.1 0.90050 0.89748 (0.88679 0.86126 0.78797 043015 0.009645 0.02787 0.00856
0.2 0.80388 0.79824 0,77884 0.73433 0.63014 (.38269 0.15433 0.05251 0.01680
0.3 0.71265 0.70518 0.68216 0.62690 0.52081 0.34375 0.17964 0.07199 0.02440
0.4 0.62861 0.62015 0.59241 0.53767 0.44329 (0.31048 0. 18709 0.08593 0.03118
0.5 0.55279 0.54403 051622 0.46448 0.38320 0.28156 0. 18556 0.09299 0.03701
0.6 0.48550 0.47691 (0.45078 0.40427 0.33676 (.25588 0.17952 0.10010
0.7 0.42654 041874 (1.39491 0.35428 (0.29833 0.21727 017124 010228 0.04558
0.8 0.37531 0.36832 (1.34729 031243 0.26581 (0.21297 0.16206 010236
0.9 0353104 0.32492 (1.30669 0.27707 0.23832 (1.19488 (0.15253 0. 10094
1 0.29289 0.28763 0.27005 0.24697 0.21468 (0.17868 0.14329 0.09349 0.05185
1.2 0.23178 0.22795 021662 0.19890 0.17626 (.15101 012570 0.09192 0.03260
1.5 0.16795 0.16552 0.15877 0.14804 0.13436 0.11892 0. 10296 0.08048 0.05116
2 0.10557 0.10453 0.10140 0.09647 0.09011 (.05269 0.07471 0.06275 0.04496
2.5 0.07152 0.07098 0.06947 0.06698 0.06373 0.05974 0.05555 0.045880 0.03787
3 0.05132 0.05101 .05022 0.04886 0.04707 Q.O44R7 0.04241 00535839 0.03130
4 0.02986 0.02976 0.02907 0.02802 002832 .02749 0.02651 0.02490) 0.02193
5 0.01942 0.01938 001835 0.01573
O 0.01361 0.01307 001168
7 0.01005 0.00976 0.00894
3 0.00772 0.00755 0.00703
9 0.00612 0.00600 0.00566
10 0.00277 0.00465

"Sowrce: From Ahlvin, R. G., and H. H. Ulery. Tabulated Values for Determining the Complete Pattern of Stresses, Strains, and
Deflections Beneath a Uniform Circular Load on a Homogeneous Half Space. In Highway Research Bulletin 342, Highway

Research Board, National Research Council, Washington, D.C., 1962, Tables |1 and 2. p. 3. Reproduced with permission of the
Transportation Research Board.




Table 10.6 (continued)

3 E 5 6 7 8 10 12 14
0 0 0 0 0 0 0 0 0
0.00211 0.00084 0.00042
0.00419 0.00167 0.00083 0.00048 0.00030 0.00020
0.00622 0.00250
0.01013 0.00407 0.00209 0.00118 0.00071 0.00053 0.00025 0.00014 0.00009
0.01742 0.00761 0.00393 0.00226 0.00143 0.00097 0.00050 0.00029 0.00018
0.01935 0.00871 0.00459 0.00269 0.00171 0.00115
0.02142 0.01013 0.00548 0.00325 0.00210 0.00141 0.00073 0.00043 0.00027
0.02221 0.01160 0.00659 0.00399 0.00264 0.00180 0.00094 0.00056 0.00036
0.02143 0.01221 0.00732 0.00463 0.00308 0.00214 0.00115 0.00068 0.00043
0.019380 0.01220 0.00770 0.00505 0.00346 0.00242 0.00132 0.00079 0.00051
0.01592 0.01109 0.00768 0.00536 0.00384 0.00282 0.00160 0.00099 0.00065
0.01249 0.00949 0.00708 0.00527 0.00394 0.00298 0.00179 0.00113 0.00075
0.00983 0.00795 0.00628 0.00492 0.00384 0.00299 0.00188 0.00124 0.00084
0.007384 0.00661 0.00545 0.00445 0.00360 0.00291 0.00193 0.00130 0.00091
0.00635 0.00554 0.00472 0.00398 0.00332 0.00276 0.00189 0.00134 0.00004
0.00520 0.00466 0.00409 0.00353 0.00301 0.00256 0.00184 0.00133 0.00096
0.00438 0.00397 0.00352 0.00326 0.00273 0.00241




Table 10.7 Variation of B' with R and riR

r/RB
z/R 0 0.2 0.4 0.6 0.8 1 1.2 15 2
0 0 ] 0 ] (] i 0 0 1
(.1 (L0852 (. 10140 011138 .13424 2 1RTUG . 053RE S(LOTEEY 002672 —(00EAS
0.2 (L 18857 019306 020072 0.23524 0.25983 008513 0.07759 (P NIEREHY .01 595
03 0.26362 0.26787 0.28018 0.29433 0.27257 010757 004316 0.04959 .02 166
04 0.32016 032239 0.32748 0,32273 0.26925 012404 000766 —0.04535 —0.02522
0.5 0.35777 0.35752 (.35323 0.33106 0.26236 0.13591 0.02165 —0.03455 —0.02651
0.6 0.37831 0.37531 0.36308 032822 0.25411 0.14440 0.04457  —0.02101
0.7 (.38487 0.37962 0.36072 0.31929 0.24638 0.14986 006200 —0.00702 -0.02329
0.8 0.38091 0.37408 0.35133 0.30699 0.23779 0.15292 0.07530 0.00614
0.9 0.36962 0.36275 0.33734 (0,20290 0.2289] 0.15404 0.08507 0.01795
1 (,35355 034553 0.32075 0278149 0.21978 15355 0ua21n 0025814 —=001005
1.2 0.31485 0.30730 0.28481 0.24836 0.20113 0.14915 0.10002 0.04378 000023
15 0.25602 0.25025 0.23338 0.20694 0.17368 0.13732 0.10193 0.05745 001385
2 . 17889 018144 {0, 16644 015198 0.13375 011331 0.09254 0.06371 (0.02836
2.3 O, 12807 012635 012126 011327 0. 10298 0.0 30 007869 006022 (103429
3 [ S D304 (L0099 D.08635 0.N8033 D.07325 006351 (.03354 I ERT R
4 (LOSTOT 05666 (L5562 (L5383 0.N5145 004773 004532 (.03995 (L3000
5 0.03772 0.037450 0.03384 0.02474
G {.026G66 002468 001963
7 (01980 0.01868 001577
8 001526 0.01459 001279
9 001212 O.O1170 001054
10 000424 (LETY




See Example ...10:8

Table 710.7 (continued)

3 4 5 6 7 8 10 12 14

0 0 0 0 0 0 0 0 0

—0.00210 —0.00084 —0.00042

—0.00412  —0.00166 —0.00083 —0.00024 —0.00015 —000010

—0.00599  —0.00245

—0.00991 =0.00388 —0.00199 —0.00116 —0.00073 0000490 —0.00025 -000014 —0.00009

~0.01115 —0.00608 —0.00344 - 0.00210 0.00135 —0.00092 ~0.00048 -0.00028 0.00018

=0.00995  —0.00632 —0.00378 —0.00236 —-0.00156 —0.00107

=0.00669  —0.00600 —0.00401 —0.00265 —0.00I81 —000126 —0.00068 —0.00040 —0.00026
0.00028  —000410 —0.00371 —0.00278 —0.00202 —000148 —0.00084 —0.00050 —0.00033
0.00661 =0.00120 —0.00271 —0.00250 —0.00201 —000156 —0.00094 —0.00059 —0.00039
0.01112 0.00157 —0.00134 000192 —0.00179 —0.00151 —0.00000  —0.00065 —0.00046
0.01515 0.00595 0.00155  —0.00029 —0.00094 000109 000094 —0.00068 —0.00050
0.01522 0.00810 0.00371 0.00132 000013 —=0.00043 —0.00070 —0.00061 —0.00049
(.01380 0.00867 0.00496 0.00254 0.001 10 0.00028 —0.00037 —0.00047 —0.00045
0.01204 0.00842 0.00547 0.00332 0.00185 0.00093  —0.00002 000029 —0.00037
0.01034 0.00779 0.00554 0.00372 0.00236 0.00141 0.00035 —000008  —0.00025
0.00888 0.00705 0.00533 0.00386 0.00265 0.00178 0.00066 000012 —0.00012
0.00764 0.00631 0.00501 0.00382 0.00281 0.00199




e Vertical Stress Caused by a Rectangularly Loaded Area
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B L
m= — =
Table 70.8 Variation of 7, with z and 2 [Eq. (10.30)] < <
m
n 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
0.1 00047 00092 00132 00168 00198 00222 00242 00258  0.0270 00279

0.2 0.0092 0.0179 0.0259 0.0328 0.0387 0.0435 0.0474 0.0504 0.0528 0.0547
0.3 0.0132 0.0259 0.0374 0.0474 0.0559 0.0629 0.0686 0.0731 0.0766 0.0794
0.4 0.01638 0.0328 0.0474 0.0602 0.0711 0.0801 0.0873 0.0921 0.0977 0.1013
0.5 0.0198 0.0387 (.0559 Q.0711 0.0840 0.0947 0.1034 0.1104 0.1158 0.1202
0.6 0.0222 0.0435 0.0629 0.0301 0.0947 0. 1069 0.1168 0.1247 0.1311 0.1361
0.7 0.0242 0.0474 (.0686 0.0873 0.1034 0.1169 0.1277 0.1365 0.1436 0.149]
0.8 0.0258 0.0504 0.0731 0.0931 0.1104 0.1247 0.1365 0.1461 0.1537 0.1598
09 0.0270 0.0528 (.0766 0.0977 0.1158 0.1311 0.1436 0.1537 0.1619 0.1684
1.0 0.0279 0.0547 (.0794 0.1013 0.1202 0.1361 0.1491 0.1598 0.1684 0.1752
1.2 0.0293 0.0573 0.0832 0.1063 0.1263 0.1431 0.1570 0.1684 0.1777 0.1851
1.4 0.0301 0.0589 0.0856 0.1094 0.1300 0.1475 0.1620 0.1739 0.1836 0.1914

1.6 0.0306 0.0599 (.0871 0.1114 0.1324 0.1503 0.1652 0.1774 0.1874 0.1955
1.8 0.0309 0.0606 0.0880 0.1126 0.1340 0.1521 0.1672 0.1797 0.1899 0.1981
2.0 0.0311 0.0610 0.0887 0.1134 0.1350 0.1533 0.1686 0.1812 0.1915 0.1999

2.5 0.0314 0.0616 (.0895 0.1145 0.1363 0.1548 0.1704 0.1832 0.1938 0.2024
3.0 0.0315 0.061% 0.0898 0.1150 0.1368 0.1555 0.1711 0.1841 0.1947 0.2034
4.0 0.0316 0.0619 0.0901 0.1153 0.1372 0.1560 0.1717 0.1847 0.1954 0.2042
5.0 0.0316 0.0620 0.0901 0.1154 0.1374 0.1561 0.1719 0.1849 0.1956 0.2044
6.0 0.0316 0.0620 0.0902 0.1154 0.1374 0.1562 0.1719 0.1850 0.1957 0.2045




Table 10.8 (contintied)

12 1.4 1.6 1.8 2.0 2.5 3.0 4.0 50 6.0

00293 0.0301 0.0300 0.0304 0.0311 0.0314 0.0315 00316 00316 0.0316
0.0573 (1.0589 (L0599 (LOG0G (.0610 (0.0616 (L0G1E (L0619 (.0620 (.0620
0.0832 0.0856 0.0871 0.0RE0 0.0887 0.0895 (LOBDE D.0901 0.0901 0.0902
01063 (0.1094 L1114 0.1126 (0.1134 (0.1145 (L1150 0.1153 0.1154 0.1154
0.1263 {1.1300 0.1324 01340 {.1350 0.1363 (L1363 0.1372 (0.1374 0.1374
0.1431 (0.1475 (.1503 01521 0.1533 (0.1548 (L1555 D.1560 0.1561 0.1562
01570 0.1620 0.1652 0.1672 0. 1686 0.1704 0.1711 01717 0.1719 01719
0. 1684 (.1739 0.1774 0.1797 0.1812 0.1832 0184 ] (L1847 0. 1849 0. 1850
01777 (J.1836 .1874 0. 18094 0.1915 0.1938 0.1947 0.1954 0.1956 01957
01851 0.1914 0.1955 01981 0.1999 (0.2024 0.2034 0.2042 02044 0.2045
0. 1958 {0.2028 (0.2073 0.2103 0.2124 0.2151 (1.2163 0.2172 0.2175 (0.2176
0.2028 0.2102 0.2151 0.2184 0.2206 0.2236 0.2250 0.2260 0.2263 0.2264
0.2073 0.2151 (.2203 0.2237 0.2261 (0.2294 0.2309 (0.2320 (.2323 0.2325
0.2103 (0.2183 (0.2237 0.2274 (.2299 0.2333 0.2350 0.2362 0.2366 0.2367
0.2124 0.2206 0.2261 0.2299 0.2325 0.2361 0.2373 0.2391 0.2395 0.2397
0.2151 (1.2236 1.2294 0.2333 (.2361 (.2401 (.2420 0.2434 (.2439 (1.2441
0.2163 (.2250 0.2309 0.2350 0.2378 0.2420) 0.2439 0.2455 0.2461 0.2463
0.2172 (0.2260 (0.2320 (.2362 (.2391 (1.2434 (.2455 (12472 (.2479 (0.2481
0.2175 0.2263 0.2324 0.2366 0.2395 0.2439 0.2460 0.2479 0.2486 0.245%
0.2176 0.2264 0.2325 0.2367 0.2397 0.2441 (1.2463 0.2482 0.2439 (1.2492
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A."

Figure 10.22 Increase of stress at
any point below a rectangularly
loaded flexible area




e\ertical stress below the center of a uniformly loaded flexible rectangular
area

M

L &
,I?‘Il = E J’Il - E
lA(r:
b — E A®
2 (P

Figure 10.23 Vertical stress below the center of a uniformly
loaded Hexible rectangular area




Table 70.9 Variation of I, with m, and », [Eq. {10.35)]

, 1 2 3 4 5 6 7 8 9 10
0.20  0.994 0997 0997 0997 0997 0997 0997 0997 0997 0997
040 0960 0976 0977 0977 0977 0977 0977 0977 0977 0977
060 0892 0932 0936 0936 0937 0937 0937 0.2937 0937 0937
0.80 (L8000  0.870 0878 08RO 0.881 0881 0881 0.881 0881 0.881
1.00  0.701 0800 0814 0817 0818 0818 0818 03218 0818 0818
1.20 06 0727 0748 0753 0754 0755 0755 0,755 0.755 0.755
1.40  0.522  0.658 0685 0.692 0694 0.695 0695 0.696 0.696 0.696
1.60 0449 0593 0627 0636 0639 0640 0641 0.641 0641 0.642
1.80 0388 0.534 0573 0585 0590 0.591 0592 0592 0.593  0.593
200 033 0481 0525 0540 03545 0547 0548 0549 0549 0549
.00 0179 0293 0348 0373 0384 0339 0.392 0.393 0394 0.395
400 0108  0.90 0241 0269 0285 0293 0298 0301 0302 0303
500 0.072 0131 0.174 0202 0219 0229 0236 0240 0242 0.244
6.00  0.051  0.095 0130 0.155 0172 0184  0.192 0197 0200  0.202
7.00 00382 0072 0100 0.122 0.139 0.150 0.158 0.164 0.168 0.171
300 0029 0056 0079 0098 0113 0,125 0,133 0,139  0.144 0.147
0.00  0.023 0.045 0.064 0081 0094 0105 0113 0119 0.124  0.128
10,00  0.012 0037 0033 0067 0079 0089 0097 0103 0.108 0.112




The plan of a uniformly loaded rectangular area is shown in Figure 10.30a. Determine
the vertical stress increase Ao, below point A" at a depth of z = 4 m.
le— Im —|

f

2m [g=150kNm2 [ I m -

(a)

2m | =150 kN/m? —

& Cengaqe Learning 20114

Figure 10.30



Solution
The stress increase Ao, can be written as

Aa‘z == Acrx“, — Aa'z(z)

where

Ao, = stress increase due to the loaded area shown in Figure 10.30b
Ao, = stress increase due to the loaded area shown in Figure 10.30c

For the loaded area shown in Figure 10.30b:

B 2

=—=—=0.5
m z 2
Z 4

From Figure 10.21 for m = 0.5 and n = 1, the value of I; = 0.1225. So
Ao,y = qls = (150)(0.1202) = 18.38 kN/m’
Similarly, for the loaded area shown in Figure 10.30c:

Thus, /I; = 0.0473. Hence
Ao,y = (150)(0.0473) = 7.1 kN/m?

So
A(f: — A(f:(l) e A(f:(z) — 18.38 o 7.1 = 11.28 kN/n]z



e Stress Isobars
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Figure 70.25 Vertical pressure isobars under a
flexible suip load (Nore: Isobars are for line a—a
as shown on the plan)
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Figure 70 .26 Vertical pressure isobars under a uniformly
loaded square area (Nore: Isobars are for line - a as shown
on the plan)




* Influence Chart for Vertical Pressure

R "r(l Agz)nm 1
z v q

Table 70.70 Values of R/z for Various Pressure Ratios [Eq. (10.39)]

Aaz/q R/=z Aazlqg Rfz
0 0 0.55 0.8384
0.05 0.1865 0.60 0.9176
0.10 0.2698 0.65 1.0067
0.15 (0.3383 .70 1.1097
0.20 0.4005 0.75 1.2328
0.25 0.4598 0.80 1.3871
0.30 0.5181 0.85 1.5943
0.35 0.5763 0.90 1.9084
0.40 0.6370 0.95 2. 9232
0.45 0.6997 .00 O

0.50 0.7664




*Using the values of R/z obtained for various pressure ratios, Newmark (1942)
presented an influence chart that can be used to determine the vertical pressure at
any point below a uniformly loaded flexible area of any shape.

Ao, = (IV)gM

IV=1/N
N=No. of elements

A B Influcnce chart For vertical pressure based on

p——— Boussinesq’s theory (Builerin No. 338,

Influence Ifluence Charts for Compdation of Stressey
TS 5 A e X SN
value = 0.00: in Eiastic. Foundations, by Nathan M.
Newmark, University of Niinois, 1942.)




*The procedure for obtaining vertical pressure at any point below a loaded
area is as follows:

1. Determine the depth z below the uniformly loaded area at which the stress increase is
required.

2. Plot the plan of the loaded area with a scale of z equal to the unit length of the chart (
AB).

3. Place the plan (plotted in step 2) on the influence chart in such a way that the point
below which the stress is to be determined is located at the center of the chart.

4.  Count the number of elements (M) of the chart enclosed by the plan of the loaded area.

The increase in the pressure at the point under consideration is given by

where [V = influence value

A g, — ( 1V )ff M g = pressure on the loaded area




Example 10.10

The cross section and plan ol a column footing are shown in Figure 10.28. Find the
increase in vertical stress produced by the column fooling al poinl A.

660 KIN
_ - } .
- = :: - : .—-’52'\' 3 T 7 v;“' -‘ :’\\ ot s - _‘ = ::'_- .- :’§
1.5 m o

5
e G ~ Lo - -
v B Footing size

T 3 m > 3 m

3 m
A ® —l—
e 3l
: 1.5 m '
I
l«—— 3 m —>
1 T
I
I
i
A e 3 m )
- Figure 70.28
: l Cross scction and plan
I

——— of a column footing




Figure 70.29 Determination of stress at a point by use of Newmark’s influence chart

Ao, = 1v)gm = 0.005( 22 ) 485 = 17.78 K/




Compressibility of soil



A stress increase caused by the construction of foundations or other loads
compresses soil layers.

The compression is caused by : (a)deformation of soil particles,
erelocations of soil particles, and
*Expulsion (removal) of water or air from the void spaces.




A stress increase caused by the construction of foundations or

other loads compresses soil layers.
The compression is caused by :

(a)deformation of soil particles,
(b) relocations of soil particles, and

(c) Expulsion (removal) of water or air from the void spaces.



The Soil settlement caused by loads may be divided into
three broad categories:

1. Elastic settlement (or immediate settlement), which is caused by
the elastic deformation of dry soil and of moist and saturated soils
without any change in the moisture content. Elastic settlement
calculations generally are based on equations derived from the
theory of elasticity.

2. Primary consolidation settlement, which is the result of a volume
change in saturated cohesive soils because of expulsion of the water
that occupies the void spaces.

3. Secondary consolidation settlement, which is observed in saturated
cohesive soils and is the result of the plastic adjustment of soil fabrics.
It is an additional form of compression that occurs at constant
effective stress.

Sw=58 45 + 8



ELASTIC SETTLEMENT
e Contact Pressure and Settlement Profile

A perfectly flexible : If the foundation is subjected to a uniformly distributed load, the
contact pressure will be uniform and the foundation will experience a sagging profile.
foundation resting on an elastic material such as saturated clay. (Fig 11.1a).

A perfectly rigid : the ground surface subjected to a uniformly distributed load, the
foundation will undergo a uniform settlement and the contact pressure will be
redistributed. The contact pressure and foundation settlement profile will be as shown in
Figure 11.1b:
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In the case of cohesionless sand:

1.the modulus of elasticity increases with depth.

2.there is a lack of lateral confinement on the edge of the foundation at the ground
surface. The sand at the edge of a flexible foundation is pushed outward, and the
deflection curve of the foundation takes a concave downward shape.

The distributions of contact pressure and the settlement profiles of a flexible and al
rigid foundation resting on sand and subjected to uniform loading are shown in
Figures 11.2a and 11.2b, respectively.
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. Relations for Elastic Settlement Calculation

where Ao

A |JI oot W WO

If the foundation is perfectly flexible, the settlement may be expressed as:

2
s
y 2
nct applied pressure on the foundation
Poisson’s ratio of soil

3
S. = Ao(aB) 1.1,

My —

E, — average modulus of elasticity of the soil
under the foundation mecasurced from
z=0toaboutz = 48

B’ = B/2 for center of foundation

= B for corner of foundation
I, — shape factor (Steinbrenner. 1934)
1 248
— Fl * - & F2
1 — 2,
F l (A Ay)
I -
1 — O 1
n’
F = = tan 'A,
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Figure 11.3 Elastic scttlement of flexi-
ble and rigid foundations




<

For calculation of settlement at the cenrer of the foundation:

: ; i & ; H
a = 4 m = E rn = T
2

For calculation of settlement at a corrner of the foundation:

a =1 4 L H

The variations of F, and F, with m" and n’ given in Tables 11.]1 and
11.2. Also the variation of I, with D/B and g, is given in Table 11.3.
Note that when D, = 0. the value of I = 1 in all cases.




Tabile 77.7 Varation of F, wah we' and °

m'
n 1.0 1.z 1.4 1.6 1.8 2.0 2.5 3.0 3% 4.0
025 00149 Q.013 0012 Q011 (LA B Q.01 1 0010 0010 XL 0010
.50 L X LR 10.0496 KRR | a2 0031 0.0 0038 0038 D037 0037
078 0098 .00 AOR7 0.084 0082 0080 0.077 0076 0074 0074
1.00 0142 0138 0,154 0,130 0.127 0.125 0121 Q.118 D.116 0115
1.25 D186 D183 0179 0.176 0173 O.170 0165 0161 0,158 0.157
1.50 0.224 0.224 0.222 0219 0216 0213 0.207 0.203 D.199 0.197
1.75 0257 0.25¢ 0.259 0258 0.255 0.253 0.247 0.232 D.238 0.238
200 0235 0.290 0.292 0292 0.291 L2589 0.254 0.279 D.275 0.271
2.25 0309 0.317 0.321 0323 0.323 0.322 0317 0313 0,208 0,305
2.50 0330 0.341 0,347 0350 0.351 0,351 0,348 0,334 D340 0,336
2758 0338 0.361 0.369 0374 0377 0378 0.377 0373 D269 0.365
300 0363 0370 03849 0296 0,400 0402 0402 O 400 D396 0.302
325 0376 0.394 0406 0415 0.420 0,423 D426 0424 D421 0418
3.50 0358 0,408 0422 0.431 0.438 0442 0447 0,447 D443 0,441
375 309 1420 0436 0447 0.454 0,460 0467 . 458 D466 0464
400 0408 0431 438 O4s0 0465 476 0454 O 4R7 D486 0484
425 0417 0440 0458 0472 0451 D454 0408 0514 D515 0518
4.50 0424 2.450 O.A08 0484 0,495 0,503 03516 0.521 0522 0522
475 0431 L4588 0.ATE 499 0.506 0515 .530 (.536 D539 (.539
SO0 0437 .4a65 0457 1.503 0516 0526 ).543 .551 D354 0.554
525 D433 0472 D49 0212 0326 0.837 05355 0564 D268 0369
550 LS 04378 0a.s501 0520 0.534 0.546 0.505 0576 D58 0,554
535 0453 .483 0508 0527 0542 0.555 05706 (.5%88 0594 0.597
60 0457 0.489 0514 1534 .550 2.563 (1.585 (.598 D.AD6 O.6019
628 46l 1.493 nsig 0540 0557 0570 0.594 060K D617 0621
650 0465 0,498 0.524 0540 0,563 0577 0.603 0618 0.627 0.652
6.7 DA08 0.502 0529 0551 0509 0584 0610 LOX g D037 0033
TAKE 0471 12.506 .533 15560 0.575 0.59%) 0618 0635 D.OIG 0653
728 0474 1.509 0538 0361 0.550 0.59% 0628 0643 0D.6SS 0662
7.50 0477 0.513 0541 0565 0.555 0.601 0.651 0.650 D.663 0.671
7.95 0430 0516 0.535 0559 0.589 0.606 0.637 Q658 0.671 0.650
LR 0432 2519 053 0573 0.5%4 0611 O.6453 0.604 DO 0638
825 0488 0.522 0.552 08T 0.59%8 0615 0.648 0.670 D683 0.695
8 50 0457 0.524 0555 0280 0,601 0.619 0653 0676 0692 0703
8§75 D459 0.527 0558 0583 0.605 0.623 0.658 0632 D.698 0710
9.00 0491 0.529 0560 0587 0.600 0.627 0,663 0.687 D.705 0716
9.2 0493 .531 0563 03589 0612 0631 0.667 0.693 D710 0.723
9.%0 0408 0832 0565 0.592 D615 0634 0671 0697 D716 079
9735 LR 0.536 0568 03295 0618 0638 0.675 0.702 D721 0738
10.00 D498 0,537 0570 0597 0,621 0641 0.679 0,707 D726 0,740
2000 0529 0.575 0614 0.647 0.677 0702 0.756 0797 D530 0858
3000 0338 1,598 0630 0678 D711 0740 0803 1853 RO R 0931

106 00 DA5S8 a.60% D639 0688 0722 0753 0819 0872 D98 0956




Table 11.7 (comituined)

m’
n* 4.% %.0 5.0 7.0 8.0 9.0 10.0 250 <0.0 100.0
025 LU (8] 0.0 0010 0010 0.010 a.010 Qoo LRV L4 ] Q.010 G.u10
.50 0.036 0.036 0036 0036 0.036 1.036 (0.036 00346 0.036 ¢.036
075 0.073 0.073 0072 0.072 0072 0072 0071 0071 0.071 €071

1,00 o4 0113 0112 LU P 0.112 LU B ol a.110 0.110 0110
125 0155 0154 0152 0152 0152 0151 51 G.150 0.150 C.150
1.50 0.195 0.194 0.192 010 O 190G 0.190 O.IRG O. 188 O.18% O.188
1.7% 0233 0.232 0229 0.228 0227 0226 228 0.223 0225 0.223
2.00 0.269 0,267 0264 0.262 0.261 0.260 0.259 0.257 0.256 0.256
2.25 0,302 0,300 0296 0,294 0,293 0.291 0291 0.287 0.257 0.257
250 0333 0.331 0.327 0.324 0.322 1321 0,320 316 0315 0315
2.7% 0.262 0.329 0352 0352 0250 0348 0247 0343 0.342 0342
2,00 0359 0.386 0352 0.378 0376 0.374 0.373 0368 0.367 0.367
3.25 0415 0412 0,407 0,403 2.401 0,399 0397 0.391 0,390 0390
S0 438 0435 0.430 0.427 0424 0421 0420 a413 a412 0411
173 0461 0438 0452 0449 D446 0443 D441 0433 0432 04322
<.00 0452 0.4549 04’4 0.470 0.466 U464 462 U453 0451 vas
4.25 LU [ 0Ave 0,434 0473 0471 A7 0470 U468 0162 CGAa0
4.50 0520 0517 n.s13 0508 .505 0502 0,496 459 04857 O4=7
475 0,537 0515 0.530 0,526 0.521 1519 0517 0 S06 0503 © 503
S.00 0.554 0.552 n.54ax 0.543 0540 0.550 (.534 0.522 0519 0519
325 D508 0568 0504 0500 0550 .553 0350 G537 0.534 G.534
350 .5%4 0.5%3 057 0.575 0571 (1.56% (L5385 0.551 0.549 €.548
$75 0597 0.597 0594 0.500 0586 0. S83 LSR0 0565 0553 0 S62
6.00 0611 0.6l0 0,608 0,504 0.601 0.598 0,595 0.579 0.576 0.575
0.25 0623 U623 0621 0.0IR 0615 ool 0.608 u.sv2 0.559 Q.558
6.50 0.635 0.635 0634 0.651 0628 (.625 .622 a.605 0.601 O.600
675 0646 0.647 N.646 0.644 641 637 0.634 anl7 aals o612
7.00 0656 0,658 0,658 0,656 0,653 0.650 0.647 0628 0,624 0623
725 0.606 U609 D.GO9 O.608 D.6065 U062 0659 U.040 U635 C.634
7.50 0676 0.679 0.6R0 0.679 0676 0.673 0670 0651 0.616 G615
778 0685 0.688 0690 0.659 0687 0.654 0681 0.661 0.656 06558
£.00 0699 0.697 0,700 0,700 0.698 0.6595 0,692 0672 0,566 0.665
8.25 0702 0.706 0710 0.710 0.708 0.705 0.703 0.652 0.676 0.675
£.50 0710 074 0719 0719 0718 0715 0713 0692 0.686 O.654
R7E 0717 0.722 0727 0728 0727 0.725 0723 0701 0.695 0.693
9.00 0725 0.730 0.736 0.737 0.736 0.735 0732 0.710 0.704 0.702
225 07351 0,737 0,744 0,746 0,745 0744 0,742 0719 0713 0711
Q.50 .738 0744 0.752 0.754 0754 1753 0751 Q728 072 0719
078 0744 0,731 0759 0. 762 0762 0761 07359 0737 a7Tzo 0.727
10.00 0750 0.758 0.766 0.770 0970 0.770 0768 0.745 0.7358 0.735
20,00 OE78 0.8%0 0925 0945 0959 U900 0977 G952 0,265 0957
SO.00 0962 0.959 1.034 LAO70 1100 1125 1146 1.265 1.279 1.261
100,00 0900 1 020 1072 11is 1.150 I 182 1208 1 408 1 489 1. 499




Table 711.2 Vamatuon of F; with m and n”

n

0.25
.50
.75
1.00
1.25
1.50
1.75

»
-

225
2.50

e d

-~

3.25
3.50
7S
4.00
4.2
4.50
4738
500
5.25
5.50
575
000
06,25
6.50
67s
7.00
.25
7.50
7.75
$.00
R.25
5.50
878
2,00
.25
2.50
278
10,00
20,00
3000
100,00

m.

1.0 1.2 1.4 1.6 1.8 20 25 3.0 3.5 4.0
0.099 0050 G.a51 0.051 0051 0.052 0.052 0.052 0.052 «.0s2
0074 0077 G080 0.081 O.083 0.0=2 0086 0.086 0.0878 0087
0.083 0.089 0.09% 0.097 0.099 0.101 0,104 0.106 0,107 0.108
0.083 0091 0098 o.102 0,106 0.109 ERRES 0117 o1 0.120
OO0 0089 LUR ) ooz 0107 a1 (LR BB 0122 0125 0.127
0.07% 0084 0003 0.009 0.105 alo 0.11s 0124 0.125 0.130
0,069 0079 0.05% 0.095 0,101 0.107 0117 0123 0.128 0.131
0,063 0074 Q083 0,050 0.027 0102 014 oz 0,127 0131
0.059 D069 0077 0.085 0.092 0.008 o110 a1 0.125 ©.130
Nn03% 0064 0073 0080 Q087 00023 n106 a1is 0122 0.127
0.051 0060 0.06% 0.076 0052 0.080 o102 a1 o119 0.128
0,045 0056 0.064 0,071 0078 0,083 0,097 0108 0116 0.122
0.045 0,053 0.060 0.067 0.074 0,080 0.003 0104 LON I 3 o119
0 D050 0037 0064 0070 076 0080 0100 0109 01146
0040 0047 0054 0.060 0067 0.073 0.086 0.096 0105 0113
0.037 0044 0051 0.057 0.UHS 0,069 0082 0083 0102 0110
0.036 0042 G049 0.055 0.061 0.066 0.07Y 0.000 0.009 .07
0no03s 0040 0046 Nn.0s2 O 0S8 Q063 no7ée 0086 0,006 004
0.032 0038 0044 0.050 0028 0061 0073 0083 0.093 0101
0.031 0036 0042 [EREE 2. 0053 0,058 D070 000 0,080 0.0us
0.o2e 035 G040 0.036 Q.05 0.056 0067 0.078 0.087 ©.095
0.a2x 0033 039 0.031 €0.049 (1ass n06s A.075 Nn.0ss 0092
0027 0032 0037 002 0047 0.0s2 0063 0073 0.0s2 009
0020 00351 QO30 0,030 0.035 0,050 0.060 0.070 0079 Q.07
0.o2s 0030 G034 0.039 0.9 LAKE 2 B3 0.O05% 0.06% 0.077 0.0%5
0.024 0029 G033 0.038 0042 0046 0.056 0.066 0.075 ©.083
0023 0028 0032 0.036 onal 0oods 0noss 0064 no7s 0030
0.022 0.027 0.031 0.035 0.039 0.043 0.053 0.062 0.071 0.078
0022 0026 U030 0.034 O.U38 0oz 0051 0000 0.069 0.0706
0.021 0025 0029 0.033 0.037 0.041 0.050 0.059 0.067 0.074
0.020 0024 0025 0.032 0035 0.039 [LXEE 2 0.057 0.065 0072
0,020 0023 0.027 0,031 0035 0,038 0,047 0.055 0,063 0.071
0.019 0.023 0026 0.030 0.034 0.037 D.046 0.054 0.062 0.069
0.018 0022 a.026 0.029 0033 0.036 0.043 0.053 0.060 0.067
0.01s 0021 0028 0.028 0.032 0.035 0.043 0.051 0.059 0.066
0017 0021 0024 0,028 0031 0,033 0.0:42 0.050 0,057 0.064
0.017 0020 0.024 0.027 €©.030 0.033 0.041 0.039 0.056 0063
0017 0020 0023 0026 0029 0023 0040 0.045 0.03% 0061
0016 Ome 0023 0.026 ©.029 0.032 0.039 0.047 0.054 0.060
0016 0019 0.022 0.025 0,028 0.031 0.038 0.046 0,052 0.059
0.00% 0010 a.onl 0.013 LU B 0.016 0.020 0.024 0.027 0.031
0003 D004 Q002 0.003 O.006 0,006 0008 Q.00 aon o013
0.002 0,002 Q002 0.003 0.003 0.003 0,004 0.00% Q006 ©.006




Table 11.2 (Continued)

m'

" 45 5.0 6.0 7.0 8.0 8.0 10.0 25.0 0.0 100.0
025 0.as3 0Ns3 0053 0053 0053 0053 0053 0.053 D053 G052
0S50 o.asy D.Ox? D088 008N 0058 0088 0085 0088 0088 O08x
075 0,109 0109 0109 w110 «.110 oo 0110 ot .11 (LA B
.00 a2 0122 0123 0123 O 124 124 0122 0125 0.125 125
1.25 0.128 0.120 0131 0132 0.132 0133 D133 0154 0.134 134
1.50 0.132 0,134 0.136 0137 0. 138 0. 138 0,139 0,140 0. 140 O 140
175 a134 0136 0138 0 130 0. 13] O 142 0142 0123 0144 145
2.00 0.134 0.136 0.139 0141 0143 0. 144 Q145 0.1a7 0.147 O 148
2.25 0.133 0136 0.140 0,142 0,144 O, 145 0. 146 0,139 0.150 o150
2.50 0132 0135 0,139 0142 0. 134 O 146 0147 0151 a.1s a5
2,78 0.130 0.133 0.138 0142 O 144 0. 146 0147 0152 0.152 0182
300 0.127 0.131 0,137 0,.14] 0144 0. 125 0.147 0,152 0.153 0154
3.25 0.125 0.129 0.135 0.140 0.143 0.145 0147 0.153 0.154 0154
250 0.122 0.126 0133 0158 0,142 O 144 O 146 0153 0.15% 0152
275 o119 0.124 0,131 0,137 0141 0,143 0,145 0153 0.155 0155
4.00 0116 0.121 0.129 0.135 0,139 0142 O.145 0154 0.155 156
+.25 0113 o119 0.127 0O 133 O.138 0141 Q14 0153 0.156 156
4.50 0.110 o116 0.125 0.131 0.136 0. 120 O 145 0153 0.156 156
4.75 a.1o7 0113 0123 0. 130 135 0139 Q142 0159 2.150 o157
200 a.10s 0111 0.120 0128 0.133 0137 0. 140 0154 0.1%56 0157
5.25 0.102 0.108 0.118 0,126 Q. 131 0. 156 0.139 0,154 0.156 057
S50 a.0u9 0. 106 ol 0124 ©.130 O.1354 O. 138 0154 0150 OE57
275 0.097 0103 0.113 0122 O.128 O.133 O.136 0.154 0.157 0187
6.00 0.094 0,101 o1 0,120 0,126 0151 0,135 0153 0.157 0157
025 0092 0.0v8 0. 109 oS 0.124 029 O.133 0.153 0.157 LN b2
.50 0.080 0006 0. 107 e 0122 0128 0.132 0153 0,157 0158
675 0.a87 004 0105 0ol4 0121 0126 Qs 0153 0.157 IS8
.00 0.085 o.ovz 0.103 oz .19 0125 Q.129 0152 0157 LUN 2
7.25 1.a83 0.0 0.1 110 117 o123 a.12x (L1522 9.157 15X
7.50 aax) 0 0Os8 0.009 0108 O.115 0121 Q126 0152 a.1s6 IS8
775 0.079 QU506 0.Oov7 0,100 .14 0.120 0.125 051 050 OI5E
AN 0077 0= 0.OUs 104 o112 0118 0123 hLis1 9,156 LIS
£25 0076 0082 0,003 oo oo o7 0122 0150 0156 IS8
.50 0.074 0.050 0.a91 0101 0108 Q.15 oz 0150 0156 L8 b
.75 0.0972 0D.078 0059 LR ) 0. 107 ol a1 150 0.156 OLI5%
.00 aa7 o077 0 O=% 0097 0105 an2 ans 0139 0156 O IS8
928 0.069 0.07s 0.056 0096 0104 0110 ol 0139 a.1ss OISx
Q.50 1.06% 0074 0.0%5 LLE ¢S ) 0.102 L1 £4 O 0.115 LUS B {156 OIS5%
975 00646 o072 0a83 0092 O 100 0107 ans 0138 0156 O IS8

10.00 0.065 0.071 0.052 0091 0.099 0.106 0112 0147 0.156 0158
2000 0.035 0.039 00406 0053 Q059 00065 0.071 0124 .14 156
S50.00 a4 ools 0.a19 0022 0025 0028 0031 0071 anz O 142
100,00 0.007 0.008 0.010 0.011 0013 0014 Q016 0039 0.om Oz




Ffable 71.3 Variation of I, with L/B and D,/B

Iy

L/B D,/B pe = 0.3 e = 0.4 =05
] 0.5 0.77 0.82 (.85
0.75 0.69 0.74 0.77
| 0.65 0.69 0.72
2 0.5 0.82 0.86 0.89
0.75 0.75 0.79 0.83
1 0.71 0.75 0.79
5 0.5 0.87 0.91 0.93
0.75 0.81 0.86 0.89

1 0.78 0.82 0.85




The elastic settlement of a rigid foundation can be estimated as

Se(rigid) = 0'93Se(ﬂcxihlc.ccrnar)

Due to the nonhomogeneous nature of soil deposits, the magnitude of E, may vary
with depth. For that reason, Bowles (1987) recommended using a weighted average value

of E, in Eq. (11.1) or

2EpAz

E, =
Z

Where E;, = soil modulus of elasticity within a depth Az
Z = H or 5B, whichever is smaller




Table 77.4 Representative Values of the Modulus
of Elasticity of Soil

E

Solltype (kN/m?)
Soft clay 1,800-3,500
Hard clay 6,000-14,000
Loose sand 10,000-28.000

Dense sand 35,000-70,000




lable 7T71.5 Representative Values of Poisson’s Ratio

Type of soil Poisson’s ratio, pu,
[LLoose sand 0.2-04
Medium sand (. 25-0.44
Dense sand 0.3-0.45
Silty sand 0.2-0.4

Solt clay 0.15-0.25

Medium clay 0205
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L, (kN/m3)

10,000
12,000
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150 kN/m?
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He = 0.3

I m

Figure 717.4




SB. From Eq. (11.10),

Solution
Given: B=Imand L = 2m. Notethat Z = Sm =
EE L AZ
A =
10,000)(2) + (8.000)(1) + (12.000)(2
_ EIEL@EDU) A 2 eioiiiiaa
For the cenrter of the foundation,
x =4
’ ) 2
== —_— = —_— ‘2
= 1

N ONE

From Tables 11.1 and 11.2, F, = 0.641 and F, = 0.031. From Eq. (11.2)

2 —03
— 5 (0.031) = 0.716

D
% 1 = L = 2, ., = 0.3. From Table 11.3, l, = 0.71. Hence,

S citrcxitacy = Ac{aB )Ql I,

- (150)(4 Y )( '164%32 )(0.716)(0.71) = 0.0133m = 13.3mm

Since the foundation is rigid, from Eq. (11.9),
S irigid) = (093} 13.3) = 12.4 mm




e CONSOLIDATION SETTLEMENT Fundamentals of
Consolidation

1. Sandy soils:
When a saturated soil layer is subjected to a stress increase, the pore water

pressure is increased suddenly. In sandy soils that are highly permeable, the
drainage caused by the increase in the pore water pressure is completed
iImmediately. Pore water drainage is accompanied by a reduction in the volume of
the soil mass, which results in settlement. Because of rapid drainage of the pore
water in sandy soils, elastic settlement and consolidation occur simultaneously.




. CONSOLIDATION SETTLEMENT Fundamentals of Consolidation
2. Clayey soils:

\When a saturated compressible clay layer is subjected to a stress increase, elastic settlement occurs
immediately. Because the hydraulic conductivity of clay is significantly smaller than that of sand |
the excess pore water pressure generated by loading gradually dissipates over a long period .
Thus, the associated volume change (that is, the consolidation) in the clay may continue long after
the elastic settlement. The settlement caused by consolidation in clay may be several times
greater than the elastic settlement.

The time-dependent deformation of saturated clayey soil best can be understood by considering a
simple model that consists of a cylinder with a spring at its center.
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Figure 7T7.5 Spring-cylinder maodel
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O CONSOLIDATION SETTLEMENT
Fundamentals of Consolidation

1. Sandy soils:
When a saturated soil layer is subjected to a stress increase, the pore water

pressure Is increased suddenly. In sandy soils that are highly permeable, the
drainage caused by the increase Iin the pore water pressure is completed
iImmediately. Pore water drainage is accompanied by a reduction in the volume of
the soil mass, which results in settlement. Because of rapid drainage of the pore
water in sandy soils, elastic settlement and consolidation occur together.




o CONSOLIDATION SETTLEMENT
Fundamentals of Consolidation

2. Clayey soils:

\When a saturated compressible clay layer is subjected to a stress increase, elastic settlement occurs
immediately. Because the hydraulic conductivity of clay is significantly smaller than that of sand |
the excess pore water pressure generated by loading gradually dissipates over a long period .
Thus, the associated volume change (that is, the consolidation) in the clay may continue long after
the elastic settlement. The settlement caused by consolidation in clay may be several times
greater than the elastic settlement.

The time-dependent deformation of saturated clayey soil best can be understood by considering al
simple model that consists of a cylinder with a spring at its center.
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0_One-Di ional Labora C lidation Tes

- The one-dimensional consolidation testing procedure was first
suggested by Terzaghi. This test is performed in a consolidometer
(sometimes referred to as an oedometer).

« The test simple procedure:

*The soil specimen is placed inside a metal ring with fwo porous stones,
one at the top of the specimen and another at the bottom.

*The specimens are usually 64 mm ( 2.5 in.) in diameter and 25 mm. ( 1
in.) thick.

*The load on the specimen is applied through a lever arm, and
compression is measured by a micrometer dial gauge.

The specimen is kept under water during the test.

27




I

PN
Dial pauge —»(\ ~\")) lLoad

Figure 11.7

() Schematic diagram of a consolidometer;

a e ) . . i (b photograph of a consolidomater; (c) o consolida-

) Porous stone ] Soil specincen Bl Specimen ring tion 1est in progress (right-hand side) (Courtesy of
o) raja M. Das, ifenderson, Nevada)




-The general shape of the plot of deformation against time for a given load
increment during consolidation test.

i Stage |

Stage II

TS!age 11

<— Deformation

Time (log scale)
T— : Figure 711.8
:mge :i.lgzlmal:snpw:!:n . Time-deformation plot during
~is e S consolidation for a given load

3 Stage 111: Secondary consolidation increment




— Deformnaetion

Restored voids ratio e, of the soil sample at depth of test.

A

Soil expands when removed from test bore.

Stege In Initiol Compresslon

Volume of deformation comes from squeezing

Stage II: Primary
out water from the soil pores.

censollde tion

\
1
S
v Volume of deformation comes from crushing
Stage III: Seccndary consolldation the solid particles.

—
-

Time <{log scale)

Tine—-deformation plot durlng consoliclation for a glven load Ihcrement




THE THREE STAGES DURING CONSOLIDATION TEST:

Stage I: Initial compression, which is caused mostly by preloading.

Stage Il: Primary consolidation, during which excess pore water pressure gradually is
transferred into effective stress because of the expulsion of pore water.

Stage Ill: Secondary consolidation, which occurs after complete dissipation of the excess
porewater pressure, when some deformation of the specimen takes place because of the
plastic readjustment of soil fabric.




e Void Ratio—-Pressure Plots

estep-by-step procedure for studying the change in the void ratio of the specimen with
pressure.

Step I: Calculate the height of solids, H,, in the soil specimen using
the equation
1 . W, M,
- AG Yo AG P
Step 2: Calculate the initial height of voids as
H, = H — H,
Step 3: Calculate the initial void ratio, e,. of the specimen,
V., H, A H,

& = — = — — ===

@M. HLA H,
Step 4:

For the first incremental loading. o, (total load/unit area of specimen),
which causes a deformation AH |, calculate the change in the void ratio as
A AH,
(’l p—
H,
Step 5:

Calculate the new void ratio after consolidation caused by the pressure
increment as
e =€ — Ael
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Figure 71.9 Change of height of specimen in one-dimensional consolidation test




Void ratio, ¢

r

) r3

Elfective pressure, o' (log scale)

Figure 11.70 Typical plot of e against log o’




e Normally Consolidated and Overconsolidated Clays

A soil in the field at some depth has been subjected ;
to a certain maximum effective past pressure in its 3
geologic history.

»This maximum effective past pressure may be equal to or _ | ,
less than the existing effective overburden pressure at the e piin e i
time of sampling. Fae

*The reduction of effective pressure in the field may be

caused by natural geologic processes or human processes.

*During the soil sampling, the existing effective overburden pressure is also released,
which results in some expansion.




*When this specimen is subjected to a consolidation test, a small
amount of compression (that is, a small change in void ratio) will
occur when the effective pressure applied is less than the
maximum effective overburden pressure in the field to which the
soil has been subjected in the past.

When the effective pressure on the specimen becomes greater
than the maximum effective past pressure, the change in the void
ratio Is much larger, and the e—log o’ relationship is practically
linear with a steeper slope.

*This leads us to the two basic definitions of clay based on stress
history: Normally Consolidated, and Overconsolidated.




1. Normally consolidated, whose present effective overburden pressure is the maximum
pressure that the soil was subjected to in the past.

2. Overconsolidated, whose present effective overburden pressure is less than that which
the soil experienced in the past. The maximum effective past pressure is called the
preconsolidation pressure.

3.Under_consolidated, A soil deposit that has not consolidated under the present
overburden pressure (effective stress) is called Under Consolidated Soil. These soils
are susceptible to larger deformation and cause distress in buildings built on these
deposits .
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Void ratio, e

“ /70

Effective pressure. o' (log scale)

Figure 77.72 Plot of e against log o’
showing loading, unloading, and reloading

branches




~Graphic construction to
determine preconsolidation
pressure ’'oc from the
laboratory e—log ‘oplot
Casagrande (1936).

Void ratio, e

Pressure, o' {'I{}g scale)

Figure 717.73 Graphic procedure for
determining preconsolidation pressure
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The overconsolidation ratio (OCR) for a soil can now be defined as:

r
OCR = e where o, = preconsolidation pressure of a specimen
’ - . .
a o' = present effective vertical pressure

Empirical relationships are available to predict the
preconsolidation pressure:

where ¢, = i stiue void ratio

+ Nagaraj and Murty (1985): | o LL(%)
¢, = void rato at hqgquid hmit =
e, : 100
7 — : 3 : 3 . .
L.112 e 0.04630, G, = specific gravity of soil solids
log o. = E o, = in situe cftective overburden pressure
0188

2 . ‘ =
(Note: o’ and o', are in KN/m~)

* Stas and Kulhawy (1984):
' where p, = atmospheric pressure (=100 KN/m?)
Li = liquidity index

Pa

or. 10 (111 — L82(L.1)]




o Effect of Disturbance on Void Ratio—-Pressure Relationship

A soil specimen will be remolded when it is subjected to some degree of disturbance.
This remolding will result in some deviation of the e—log o’ plot as observed in the
laboratory from the actual behavior in the field. The field e-log o’ plot can be
reconstructed from the laboratory test results in the manner described by (Terzaghi and
Peck, 1967).




e Calculation of Settlement from One-Dimensional

Primary Consolidation

average vertical strain

q kPa
Vbbb bbb dddd

GL 1

saturated clay
e=e,

Time = .0

q kPa

IAH+¢¢¢¢¢lllll“l¢¢iiiiiil GL

saturated clay
e =g, -Ae

Time = «




e Calculation of Settlement from One-Dimensional Primary
Consolidation (continue...)

Consider an element where V, = 1 initially.

M
7€

Time = -0 Timew =

so the average vertical strain=




e Calculation of Settlement from One-Dimensional
Primary Consolidation (continue...)

Equating the two expressions for average vertical
strain,

consolidation change in void ratio

settlement
\ /

/

initial thickness of clay layer

initial void ratio

eNote That AH = S_




(a) using e-log o tolp’

q kPa

PAadbbeb eyl

|A(5q=

¥

Ly
&
O

F\\(‘*ﬂ’ﬁ\

/ eo: 0-vo,l Cc' }i
A Cr, O'p', mv ))
i -oedometer test
%\ J -
T I
S/




C. ~ compression index
C, ~ recompression
index (or swelling index C,)

Cs |

Cc

\/




If the clay is normally consolidated,

the entire loading path is along the VCL.

initial
Q

Ae VCL




If the clay is overconsolidated, and remains so by the end of consolidation,

[

{T;}'l- Ao’ = 0.

initial

C.H o, + Ad’
S =— log

[
i

o Q .I-l_fplI
Ae//{\;

VCL

v

)
c,+ Ac




If an overconsolidated clay becomes normally consolidated by the end
of consolidation,

oo + Ao’ > o,
C.H o' C.H o', + Ad’
§ =— log — + — log —
1 + g, o, | + e, o0
initial
eo Q
e [
VCL

;
o P 6,+ Ac




e Compression Index (Cc):

*The compression index for the calculation of field settlement caused by consolidation can be
determined by graphic construction (as discussed previously) after one obtains the laboratory
test results for void ratio and pressure.

Skempton (1944) suggested the following empirical expression for the compression
index for undisturbed clays:

C. = 0.009(LL — 10)

Rendon-Herrero (1983) gave the relationship for the compression index

in the form
2.38

1 + €
C. = O.I-HGLZ(—O
? G.




b1

Table 11.6 Correlations for Compression Index, C.*

Equation Reference Region of applicability

C, = 0007(LL — 7) Skempton (1944) Remolded clays

C. = 001wy Chicago clays

C, = 1.15(z; — 0.27) Nishida (1956) All clays

C, = 0.30(ey; — 0.27) Hough (1957) Inorganic cohesive soil: silt, silty clay, clay
C. = 0.0115wy Organic soils, peats, organic silt, and clay
C. = 0.0046(LL — 9) Brazilian clays

C. = 075(e; — 0.3) Soils with low plasticity

C. = 0.208¢e, + 0.0083 Chicago clays

C. = 0.156e, + 0.0107 All clays




Table 71.7 Compression and Swell of Natural Soils

Liquid

Soil limit
Boston blue clay 41
Chicago clay 60
Ft. Gordon clay, Georgia 31
New Orleans clay Bl
Montana clay 60

Plastic
limit
20
20
26
25
28

Compression
index, C,

0.35
0.4
0.12
(0.3
0.21

Swell
index, C,

0.07
(LO7

(.05
0.05




Swell Index (Cs):

The swell index is appreciably smaller in magnitude than the compression index|
and generally can be determined from laboratory tests. In most cases,

1 ]
Gy = 5 1075 C,

The swell index was expressed by Nagaraj and Murty (1985) as

LI(%
( )]G‘
100

S

C, = (__)_(;_)463[




e Secondary Consolidation Settlement:

B Ae
log(£,/t,)

Void ratio, e

Time, ¢ (log scale)

Figure T7.20 Variation of e with log 7 under a given load increment and definition of secondary

consolidauon index

= Cu e, = void ratio at the end of
o primary consolidation

I
= ! S C:
S, = CLH ]Og<f1) =1 1 e

P
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Figure 1727 € Tor natural soil deposits (Afier Mesri, 1973, With permission fraom ASCE.)



e Time Rate of Consolidation:

Terzaghi (1925) proposed the first theory to consider the rate of one-
dimensional consolidation for saturated clay soils.

Mathematical derivation assumptions:
*The clay—water system is homogeneous.
eSaturation is complete.

eCompressibility of water is negligible.
«Compressibility of soil grains is negligible.
*The flow of water is in one direction only.
eDarcy’s law is valid.




e Time Rate of Consolidation:

Consider a layer of
clay of thickness 2H,, 4
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Rate of outflow Rate of inflow Rate of

of water of water - volume change
r')v: oV
Thus, (vz " oz dz) dxdy — v.dxdy = "lt
L& L=

where V' = volume of the soil element
v, = velocity of flow in z direction

oV’
ar @)

oV,
7 dx dy dz =

ol

Using Darcy’s law, we have

: ah k du : 2 A
t]z = k! —— —k = (b) . ' “ b e o P
4z Y OZ RN o, ' , \ Figure 1122
H = excess pore waler pressure : (bzﬂ:“'_ofwalcr
caused by the increase of stress. vdr dy [« at A during

consolidation

k 07w 1 av

From (a) & (b) —




*During consolidation, the rate of change in the volume of the soil element is equal to the
rate of change in the volume of voids. Thus,

- IV o) V-; = EV.; 2V = )
iV _ ) T _ ( . ) - oy 5 + V,,; e 4+ l.‘_’lr 1{1 (C)
it ol ot or T ot el

V., = volume of soil solids

V, = volume of voids

*Assuming that soil solids are incompressible:

ik 0 and ¥ = L _ dxdydz gup. Into eq. (c)
ot * 1 + e, 1 + e,

oV dx dy dz ae )d) Combining egs. (c) and (b...(

ar 1 + e, ot

k 0w 1 de

-

Yw OZ° N €o ot




The change in the void ratio is caused by the increase of effective stress (i.e., al
decrease of excess pore water pressure). Assuming that they are related linearly, we
have:

- - r -
de = a,d(Ac’) = —a,ou
where d( Ao”") = change in effective pressure
a, = coefficient of compressibility (a, can be considered

constant for a narrow range of pressure increase)

k ou a, ou e
e e — = —m, — By combining egs. (d) and (e)

Yo OZ° | M B P ot
m, = coelficient of volume compressibility = a, /(1 + e,)

Y7 F)ZH *Basic differential equation of Terzaghi's

— (.. —— consolidation theory (important)

- v .. _2

ol s Vin
where ,

. k k
¢, = coefficient of consolidation = k/(y_m,) Thus, Cp = =
p o a,
I!( l + '_-'ﬂ)




*Solution of Terzaghi’s basic differential equation of consolidation theory:

eBoundary conditions:

ra
&

0 wu=20

&
I
b
T

=
|
=

I = O* iU = Up
The solution yields

" =o0 =
- 2110 % M«'. —a2re where s = an integer
W= 2 M Sin Hdr € M = (=/2)(2m + 1)

m=0 i = initial excess pore waler pressure
Clrf .
I, = —= = time factor ‘Important
dr

Consolidation progresses by the dissipation of excess pore water pressure,
thus, degree of consolidation at a distance z at any time tis-

u, — U, .
U,=—=1]—— “Important
B U 7]

i o




*To obtain the variation of degree of consolidation at any depth z. the following figure can also be provided.

Figure 11.23

Variation of U. with

T, and Z/H,,

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Degree of consolidation, U,




( 1 ) '-‘L'f_-r ; Average degree of consolidation
u,dz
2

2H ( *important)

LI

i

-The values of the time factor and their corresponding average degrees
of consolidation may be approximated by the following simple
relationship:

a(U% \*
U =20 0% . e —
For U to 60%. T, n ( lOU)

ForU > 60%, T, = 1.781 — 0.933 10g(100 — U %)

*Also, see the next figure and table .(Important...)
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Figure 11.24 Variation of average degree of consolidation with time factor, 7', («, constant with depth)

*Important...




Table 71.8 Variation of T, with &7

KT
x*

mportant...

U (%) T,
0 ]
1 0000038
2 0.0003
3 0.00071
<4 OLO0 120
5 0.00196
3] 000283
7 000385
s Cr.OOS0
9 0.00636
110 0L007ES
11 0.0095
12 0.0113
13 0.0133
14 00154
15 0.0177
16 00201
17 00227
18 0.0254
19 0.0283
20 0.0314
21 00346
22 0.0380
23 00415
24 0.0452
25 [ARAIELH |

U (%)

bt b el
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38
39
40
41
42
43
44
45
46
47
43
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.239
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461
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Compressibility of soil

PART IV



*To obtain the variation of degree of consolidation at any depth z. the
following figure can also be provided.
2.0 1
1.5 4
Hdr R
0.5 H
Figure 11.23 0.0 T T , - - T T T T
Variation of U with 00 01 02 03 04 05 06 07 08 09 10
T, and Z/H,, Degree of consolidation, U/,




( 1 ) '-‘L'f_-r ; Average degree of consolidation
u,dz
2

2H ( *important)

LI

i

-The values of the time factor and their corresponding average degrees
of consolidation may be approximated by the following simple
relationship:

a(U% \*
U =20 0% . e —
For U to 60%. T, n ( lOU)

ForU > 60%, T, = 1.781 — 0.933 10g(100 — U %)

*Also, see the next figure and table .(Important...)
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-Important...

Table 71.8 Variauon of T, with &7

U (25) -
0 0
1 0, 0000
> 00003
3 (L0007 1
< OO0 20
5 0.00 196
& 0.00283
7 L0355
] O O0S0
4 0L00636
10 0.00785
11 0. 0005
12 00113
13 0.0133
14 00154
15 00177
116G 00201
17 00227
18 00254
149 0.0283
20 0.0214
21 002405
2 0LO2H0
23 LEREEN B
24 0.0452

25 (L0491

U (%)

39

41
42
43
44
43
46
47
4%
49
50)

Al

T. U (%)
0.0331 52
0.0572 53
00615 54
(.06 55
00707 36
0.0754 57
LN SR
00855 59
0907 a0
00862 Al
0.102 a2
0.107 a3
0113 6
0119 a5
0126 0G
0132 67
0,138 it
0145 ad
015z T0
0,150 71
0. 166 72
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18l 7
0188 75
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204 T
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Example 11.7

The time required for 50% consolidation of a 25-mm-thick clay layer (drained at
both top and bottom) in the laboratory is 2 min. 20 sec. How long (in days) will it
take for a 3-m-thick clay layer of the same clay in the field under the same pressure
increment to reach 50% consolidation? In the field, there is a rock layer at the
bottom of the clay.

Solution _ Clias  _ Culged
Tso = 2 o 2
H dr(lab) H dr(ficld)
{ lab - ! field
or Hgl(hb) Hdzltﬁcld)
140sec e
(o.ozsm)2 (3m)?
2




Example 11.9

A 3-m-thick layer (double drainage) of saturated clay under a surcharge loading under-
went 90% primary consolidation in 75 days. Find the coefficient of consolidation of
clay for the pressure range.

Solution
Colon
Tm — HI
dr
Because the clay layer has two-way drainage, Hy, = 3 m/2 = 1.5 m. Also, Ty, = 0.848
(see Table 11.8). So,

c (75 % 24 X 60 X 60)
(1.5 X 100)

0.848 X 2.25 X 10° 2
t:.".—?5x24)<60}<60—0.{}0294cm;’m =

0.848 =




Example 11.10

For a normally consolidated laboratory clay specimen drained on both sides, the fol-
lowing are given:

= o'p = 3000 Ib/13, e=ea=11

> o'y + Ao’ = 6000 Ib/ft?, e =09

* Thickness of clay specimen = | in.
Time for 50% consolidation = 2 min

a. Determine the hydraulic conductivity (ft/min) of the clay for the loading range.
b. How long (in days) will it take for a 6-ft clay layer in the field (drained on one
side) to reach 60% consolidation?

Solution
Part a

The coefficient of compressibilily is

( Ae
a, Ao’

PRy e e e e
“ L s A 1 + e,

Ae =11 — 09 =02
Ao’ = 6000 — 3000 = 3000Ib/ft?
1.1 + 0.9

- 5 = 1.0

0
[




So 0.2
3000 .
m, = SEEAO 3.33 < 10 °ft-/1b

From Table 11.8, for U = 50%, T, = 0.197; thus,

2>
-

1
@197 ( 5577 )

Cop = > = 1.71 x 10 *ft*/ min

kK = cungye = (1.71 X 107 *f%/min)(3.33 x 10~ *A%/1b)(62.41b/ft*)

= 3,55 < 10 "ftYmin

Part b
C",la)
TGO = 2
H 3,
. _ TaH:
o0 Cr

From Table 11.8. for U = 60%, T, = 0.286.

(0.286)(6)2

leo = 171 < 10-4 = 60,211 min = 41.8 days




d Coefficient of Consolidation:

% The coefficient of consolidation c, generally decreases as the liquid limit of soil
increases. The range of variation of ¢, for a given liquid limit of soil is wide.

* For a given load increment on a specimen, two graphical methods commonly are
used for determining c, from laboratory one-dimensional consolidation tests.

» The first is the logarithm- of-time method proposed by Casagrande and Fadum
(1940,

» The other is the square-root-of-time method given by Taylor (1942).
More recently, at least two other methods were proposed. They are

the hyperbola method (Sridharan and Prakash, 1985) and
the early stage log-t method (Robinson and Allam, 1996).

Y Y o

Only the first two methods will be presented here...




e Coefficient of Consolidation

logarithm- of-time method)
A

{'!rﬂ :

For 50% average degree of

2 consohidation. T, = 0.197

=

i

b - i)

}é I_I' l g?f_irdr- C;t_'.IfT-l'_l

£ o = T ———

—— o 50 H:

§ 0 I50 dr

5

g

-

dlfﬂ

Figure 11.25

Logarithm-ol-time method for determining
Time (log scale) coelficient of consolidation




o Coefficient of Consolidation
square-root-of-time method)

For 90% consolidation,

Too = 0.848 .
ol Z
Too = 0.848 = —— 2
dr i,
=
) k=
0.848H?3, E
c, = =
' oo Eﬁ

VTime, 7

Figure 7T7.26 Square-root-of-time fitting method




Example 11.11

During a laboratory consolidation test, the time and dial gauge readings obtained from
an increase of pressure on the specimen from 50 kN/m? to 100 kN/m? are given here.

Dial gauge Dial gauge
Time reading Time reading
(min) {fcm = 109 (min) (fcm x 104)
0 3975 16.0 4572
0.1 4082 30.0 4737
0.25 4102 60.0 4923
0.5 4128 120.0 5080
1.0 4166 240.0 5207
20 4224 480.0 5283
4.0 4208 960.0 5334
8.0 4420 1440.0 5364

Using the logarithm-of-time method, determine c¢,.. The average height of the specimen
during consolidation was 2.24 cm, and it was drained at the top and bottom.

Solution

The semi-logarithmic plot of dial reading versus time is shown in Figure 11.29. For
this, 7; = 0.1 min, 1; = 0.4 min to determine d,;. Following the procedure outlined in
Figure 11.25, 15, = 19 min. From Eq. (11.66)

2.24\?
e 0.197H, O"97( 2 )
= a 19

T = 0.013cm*/min = 2.17 < 10 *cm?/sec
so




0.40

0.42

0.44

0.46

0.48

Dial reading (cm)

0.50

0.52

0.54

Figure 11.28

Time (min.)—log scale




e Calculation of Consolidation Settlement Under a Foundation

Assuming that the pressure increase varies parabolically, using Simpson’s rule, we can
estimate the value of Aisa’'o

Aoc; + 4Ao), + Aoy
6

where Ao;. Ao,,. and Aoy, represent the increase in the effective pressure at the top.
middle. and bottom of the layer, respectively.

; [ .
A O,y —

Also, we can use the 2:1 method or other method stated in ChapterlQO for
estimating the average stress increase.

For the estimation of settlement; we can divide the clay layer into sub- layers
and estimate the consolidation settlement for the hole layer by summing up
each sub-layer settlement to get more accurate estimation for the settlement.




Example 11.12

Calculate the settlement of the 10-ft-thick clay layer (Figure 11.30) that will result from
the load carried by a 5-ft-square footing. The clay is normally consolidated. Use the
weighted average method [Eq. (11.70)] to calculate the average increase of effective

pressure in the clay layer.

=

~d
[AT]

Figure T7T.30
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Solution
For normally consolidated clay. from Eq. (11.31).

B 5 ol Aol
S, =——log
| o,

where
0.009(L L. — 10) = 0.009(40 — 10) = 0.27

0
I

H = 10 X 12 = 120 in.
= 1.0

)
0
|




From Eq. (11.70).

= 10 X 100 + 10(120 — 62.4) + 5(110 — 62.4)
= 1814 Ib/ft?

Ao, =

_ Ao + 4A0,, + Aoy,

6

10
oo = 10 ft X Yayganay + 10 ft] YVaysaaqy — 62.4] + ?[ysdkhy) — 62.4]

Ao}, Ao),.and Ao below the center of the footing can be obtained from Eq. (10.34).
Now we can prepare the following table (Note: I/JB = 5/5 = 1):

z b=BIZ q Ao’ = gl.
m, irt) () n, = zib (kip/ft?) 5 (kip /11%)
200
| 15 25 6 = 8 0.051 0408 = Aoy
S5
1 20 25 | | 0.029 0.232 = Ao,
1 25 25 10 ] 0.019 0.152 = Ao}
So.
0.408 + (4)(0.232) + 0.152
Aol, = X 3 ) = 0.248 kip/ftc = 248 Ib/f
Hence,
(0.27)(120) 1814 + 248 )
= = 0.9 in.

= 1 +1

1814




Shear Strength of soll




Strength of different materials

Steel Concrete Soll
Tensile strength Compressive strength Shear
strength

Presence of pore water

omplex
—~ behavior

A




Shear failure of soils

Soils generally fail in shear

Strip footing

o Y
\% \\__k_/_{/////\ Failure surface

\\Q""x— — < /\

Mobilized shear
resistance

1 At failure,  shear stress along the failure
(mobilized shear resistance) reaches the shear strength.

surface




Retaining wall

Shear failure of soils

Soils generally fail in shear




Shear failure of soils
Soils generally fail in shear

Retainin wall

! /Mobilized shear resistance

At failure, shearstress  along the failure  surface (mobilized
shear resistance) reaches the shear strength.




Shear failure mechanism

failure surface

O The soil grains slide over each other along the failure surface.

a No crushing of individual grains.




Shear failure mechanism

At failure, shear stress along the failure surface (t) reaches the
shear strength ()




Mohr-Coulomb Failure Criterion
(in terms of total stresses)

T, =c+otang

c

Cohesion

v

1, lamron rednu ,eruliaf tuohtiw ekat nac lios eht sserts raehs mumixam eht si
fo ssertso.




Mohr-Coulomb Failure Criterion
)in terms of effective stresses)

Effective
cohesion

o 1 v
T, =c+0'tan 1, |
O =g —i

U = pore water pressure

Effective friction
angle

vy

7, lamron rednu ,eruliaf tuohtiw ekat nac lios eht sserts raehs mumixam eht si
fo sserts evitceffes.’




Mohr-Coulomb Failure Criterion

Shear strength consists of two components: cohesive and frictional

c and ¢ are measures of shear strength .
Higher the values, higher the shear strength.

frictional
component




Mohr Circle of stress

@cl

/ \63:> %i | 63

ol

Resolving ni secrof ¢ and t directions,

=51 ;J3 Siri2¢

[

2
_I_
.
9

. T4, O —C.
o =—! 2t lj 2 Cos2é& 2 2

[~

|
A

o ——




Mohr Circle of stress

Soil element

| e s




Mohr Circles & Failure Envelope

Failure surface

=

Soil elements at different locations

h

N 1 1
T, =c+o'tang

Y elbats ~
X eruliaf ~

e /




Mohr Circles & Failure Envelope

The soil element does not fail
if the Mohr circle is contained

within the envelope

GL

+«—Q

'

- i —Q «— [

Initially,tniop a si elcric rhoM

e

Ac




Mohr Circles & Failure Envelope

As loading progresses, Mohr circle
becomes larger...

GL

(T
[

tt

.and finally failure occurs rhoM nehw
epolevne eht sehcuot elcric




Mohr circles in terms of total and effective stresses

o, (o] u
A A 4 Gh A A 4 o'h A A 4
—> |le—— —_— le——— R — le———
T
effectivesesserts
total stresses

> L]
7 > ooro




Failure envelopes in terms of total & effective stresses

A 4 A 4

If Xis on failure

A 4 A 4

Failure envelope in terms of
effective stresses _

Failure envelope in terms
of total stresses




Mohr Coulomb failure criterion with Mohr circle of stress

c'v =o1’ 1 A I I - f
o'h =63 Failure envelope in terms o

effective stresses
-~

\

v VY
>

A A

effective stresses

-y

Xis on failure G

¢’ Cotg (0,0, )2

Therefore,

o +o.
c'Cotg'+| ———

2 2




Mohr Coulomb failure criterion with Mohr circle of stress
o) = o tan1(45 + %) + 2¢’ tan (45 + t_"!"I)

2

**Very important




Determination of shear strength parameters of

solls c,mrc*,y\

Laboratory tests on Field tests
specimens taken from

representative undisturbed

samples ,l,

Most common laboratory tests Vane shear test

to determine the shear strength Torvane

parameters are, Pocket penetrometer
Fall cone

1.Direct shear test Pressuremeter

2.Triaxial shear test Static cone penetrometer

Standard penetration test

N ALNM=

Other laboratory tests include,
Direct simple shear test, torsional
ring shear test, plane strain triaxial
test, laboratory vane shear test,
laboratory fall cone test



Laboratory tests

How to take undisturbed samples




Laboratory tests

Field conditions

NIz

Ghc

A representative soil sample

Oovc

l

!

| e Chc

Oovc

6,.TAGC

Ohc — | Ohc

Beforenoitcurtsnoc

After and during construction




Laboratory tests
Simulating field conditions in the laboratory

Representative soil sample taken from the site

Step 1
Set the specimen in the apparatus and apply the initial stress condition

Step 2
Apply the corresponding field stress conditions



Direct shear test
Schematic diagram of the direct shear apparatus

wWorm drive unit Swan nack

' 2 L I ) £ 1

Ram support
Incorporating  Adjustable
pall bushing lalistock

Camage Linear bearing Lower frame




Direct shear test

Direct shear test is most suitable for consolidated drained tests specially on granular soils
(e.g.: sand) or stiff clays

Preparation of a sand specimen

Components of the shear box ‘ Preparation of a sand specimen




Direct shear test
Preparation of a sand specimen

Pressure plate

Leveling the top surface of specimen Specimen preparation completed




Direct shear test

Test procedure P  Steel ball |

plates

Pressure plate
g
Porous A

Proving ring
to measure

" e . - shear force
CY Y OOF O g 0¥ BT 0

Step 1: Apply a vertical load to the specimen and wait for consolidation

Step 2: Lower box is subjected to a horizontal displacement at a constant rate



Direct shear test

Dial gauge to

measure vertical
Shear box . displacement

Proving ring
to measure

&/ \\ : shear force
A\ NS _

Loading frame to " Dial gauge to
apply vertical load | measure horizontal

displacement




r = Shear stress =

Shear resistance developed at the sliding surface (S)

Area of cross section of the sample

r = Shear siress =

Direct shear test

Analysis of test results

Normal torce (P)

o = Normal siress = - - -
Arca ol cross scction ol the sample

Shear resistance developed at the sliding surface (5)

Area of cross section of the sample

Mote: Cross-sectional area of the sample changes with the horizontal
displacement




Direct shear tests on sands
Stress-strain relationship

g Dense sand/ OC clay
@

=

E —_

E \ Loose sand/ NC clay
@
L
v

Shear displacement

: '

S

th

c _

g

= \ Dense sand/OC Clay
L

Shear displacement

Loose sand/NC Clay

Change in height
of the sample

o

Compression




Normal stress = o,

Normal stress = o,

Normal stress = o,

Shear stress, 1

™

" Shear displacement

Shear stress at failure, ¢
-

Normal stress, o



Direct shear tests on sands

) _ Direct shear tests are
hencec =0 pressures are dissipated ,

Therefore,
¢6="¢dandc'=c=0

Some important facts on
strength parameters ¢

and ¢ of sand




Direct shear tests on clays
Failure envelopes for clay from drained direct shear tests

In case of clay, horizontal displacement should be applied at a very
slow rate to allow dissipation of pore water pressure (therefore, one
 test would take several days to finish)

Failure envelopes for clay from drained direct shear tests

- -~ Overconsolidated clay (¢’ # 0)

Normally consolidated clay (c’ = 0)

Shear stress at failure

Normal force




Interface tests on direct shear apparatus

O In many foundation design problems and retaining wall problems, it is required to
determine the angle of internal friction between soil and the structural material
(concrete, steel or wood)

e e

O ES; %
R YA . LT e o . )

Where,

Tf = —H+ O'r tan 5 c, = adhesion,

: el ¢ =angle of internal friction




Advantages of direct shear apparatus

*Due to the smaller thickness of the sample, rapid drainage can be achieved
*Can be used to determine interface strength parameters

*Clay samples can be oriented along the plane of weakness or an identified failure
plane

Disadvantages of direct shear apparatus

eFailure occurs along a predetermined failure plane
*Area of the sliding surface changes as the test progresses

*Non-uniform distribution of shear stress along the failure surface




Shear Strength of Soil

Part |l



Triaxial shear Test

The specimen is
enclosed in a thin
rubber membrane.

® The specimen is
then placed in a
chamber confined by
compressing the fluid
in the chamber

e Axial stress is
applied through a
vertical ram

Aoxaal load

it

Rubber ring —| === : e

I
i
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Pressure gauge T -
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__— Sealing ring

I

rTo cell pressure control

: }
| =1
Conncctions for drainage of pore pressure measurcment
(E water EE]l Porcus disc EJ Specimen enclosed in a rubber membrane

Figure 12.79 Diagram of triaxial test equipment (Affer Bishop and Bjerrum, 1960. With

nosrmiccian fram ASOCLD »



Triaxial Test

Specimen preparation (undisturbed sample)

Sampling tubes

Sample extruder




Triax 1al Shear Test

Specimen preparation (undisturbed sam ple)

Edges of the sample Setting up the sample
are carefully trimmed in the triaxial cell




Triax 1al Shear Test

Specimen preparation (undisturbed sample)

Sample is covered
with a rubber
membrane and sealed

Cell is completely
filled with water




Triax 1al Shear Test

Specimen preparation (undisturbed sam ple)

Proving ring to
measure the
deviator load

Dial gauge to
measure vertical
displacement

In some tests




oc (Ac =Qq)

bl

Step 1

Types of Triaxial Tests Hude\,iatoric stress
Step 2 HH

Oc

—>

P11 Mt

. =

Under all-around cell pressure oc

9
Ry
IRERRA

9

RRany

Shearing (loadinq)

‘ Is the drainage valve open? ‘ Is the drainage valve open?
yes no yes no
Consolidated Unconsolidated Drained Undrained

sample sample loading loading




Type of triaxial tests

l l deviatoric stress
vy

Step 1 Cc Step 2 1l
ey Ry s

Cc

bbb

tHt14t
5
b
ptt

it~

Sample & tnder'c. only Sample is under _ and Ac

Is the drainage valve open?

Is the drainage valve open?

NE N
Consolidated Unconsolidated Drained Undrained
Sample Sample Loading Loading
CD

CU

Ge = confining pressure or all around pressure or cell pressure = 6y

AG = deviatoric stress = Gy - O3



Consolidated- drained test (CD Test)

- The confining pressure leads to an increase of the pore
water pressure of the specimen, U..

- Bis Skempton’s pore pressure parameter, and expresses
the pore water pressure increase nondimensionally:

- L,

oy

- B is approximately equal to 1.0 for saturated soft soils.
- A connection for drainage is opened, allowing U_ to fall
to “0” over time.

- For saturated soil, the change in volume during
consolidation may be determined from the volume of

water drained.




Consolidated- drained test (CD Test)

- The pore water pressure developed during the test is completely
dissipated, so:
C3=C’,
- At failure, the total and effective axial stress will be:
o3+(Acy)= o= 0’y

In a triaxial test, c’, is the major principal effective stress at failure and c’;
is the minor principal effective stress at failure.

S
[
3

o, "R Y g
Sear ey

sind’ = E,—

o

=" Byl 1
- (Aay)y !

Figure 12.22 Effcctive stress talure envelope from drained tests on sand and normally
con=olidated clay




Consolidated- drained test (CD Test)

-Overconsolidation results when a clay initially is consolidated under an
all-around chamber pressure of ¢_(=c’_) and is allowed to swell by
reducing the chamber pressure to o, (G'5).

- The failure envelope obtained from drained triaxial tests of such
overconsolidated clay specimens shows two distinct branches.

- The portion ab has a flatter slope S o i e
with a cohesion intercept, and the I
shear strength equation for this
branch can be written as

§ _ﬂ_w_l'_!_--—.'""_- d____.-: )
. B ¢’ + o' tan @] 2 e )\

Shear stress

Igy

T : e ] :
iFy — iry oy = onj X

Mormal stross



Consolidated- drained test (CD Test)

- The portion bc of the failure envelope represents a normally consolidated
stage of soil and follows the equation tf = ¢’ tan ¢.

' ' 2 Qb’l

2tan(45 + %)

f

¢ =

-

- CD test simulates the long term condition in the field.



Consolidated-Undrained Triaxial Test

- The saturated soil specimen is first consolidated by an all-
around chamber fluid pressure, 5.

- Pore water pressure is equal to zero at the end of the
consolidation because the valve is open.

- After dissipation of the pore water pressure, the deviator stress
iIs increased on the sample with closed valve to cause failure.

- Because drainage is not permitted, the pore water pressure,
Augwill increase.

4 skem pton’s pore pressure parameter (Skempton, 1954).
—  Aug
gt AT g

- During the test, simultaneous measurements of Ac, and AU
are made



Consolidated-Undrained Triaxial Test

Major principal stress at failure (total ): o; + (Aoy)r = o,
Maijor principal stress at failure (effective): o, — (Au,); = o

Minor principal stress at failure (total): o,

Minor principal stress at failure (effective): o5 — (Auy), = o}

In these equations, (Auy); = pore water pressure at failure. The preceding derivations
show that

o, — 0y = 0] — 0}

where o = total stress
¢ = the angle that the total stress failure envelope makes with the
normal stress axis. also known as the consolidated-undrained

angle of shearing resistance

s g oy Oy
d = sin et
a, -+ aj



Unconsolidated-Undrained (UU)

J Results from UU are always plotted using total stresses.

d Thus, the shear strength is expressed in terms of total stress,
using ¢ and ¢.

J Pore water pressures are not measured and are unknown



Unconsolidated-Undrained Triaxial Test

Total stress Mohr's circles at failure

Shear stress

Failure envelope & = 0

=
>

rq orq "l !!'3 U’l f”l

Normal stress

Figure 12.27 Total stress Mohr's circles and failure envelope (¢ = 0) obtained from
unconsolidated-undrained triaxial tests on fully saturated cohesive soil

where ¢, i1s the undrained shear strength and is equal to the radius of the Mohr’s circles.
Note that the ¢ = 0 concept is applicable to only saturated clays and silts.



Example 1

Direct shear tests were performed on a dry. sandy soil. The size of the specimen was
S50 mm. X 50 mm. X 19 mm. Test results are as follows:

Normal® Shear force Shear stress®
Normal stress o — o' at fallure at fallure =
Test no. force (N) (kN/m?) (N) (kN/m?) _
=
1 89 35.6 534 214 g
2 133 53.2 814 32.6 8
3 311 124.4 187.3 74.9 =
4 445 178.0 267.3 106.9 §
, < normal force (normal force)
“o’ (KN'm*) = - =
area of specimen (1000)(0.05 m)(0.05m)
shear force
s (KN/m?) = shear force ( )

area of specimen = (1000)(0.05 m)(0.05m)

Find the shear stress parameters.



Solution

The shear stresses, 7, obtained from the tests are plotted against the normal stresses 1n
Figure 12.18, from which ¢' = 0, &' = 32°,

120 -
06
.
=] 72
g
; 48 -
L ¥
-
g
24 - -
32°
']-D T T I 1 E-n
0.0 48 06 144 192 E.
Normal stress. = (kN/m?) @



Example 2

A consolidated-drained triaxial test was conducted on a normally consolidated clay.
The results are as follows:

e oy =276 kN/m’
* (Aoy), = 276 kN/m?

Determine

a. Angle of friction, ¢’
h. Angle # that the failure plane makes with the major principal plane

Solution
For normally consolidated soil, the failure envelope equation is

T = o tan¢ (because ¢ = 0)






Part b
From Eq. (12.4),

' 19.45°
=45 + — = 45° + ——— = 54.73°
2 2
&
E- Effective stress failure envelope _——7 __ ¥ dl -
5
Z B
%
\
ll"'.
20
%
L]
\
L I
o oy = 276 kN/m? A o] = 552 kN/m2

Mormal stress

Figure 12.26 Mohr’s circle and failure envelope for a normally consolidated clay
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THE END




