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What is Mechanics?
What are the different branches of Mechanics?

“Mechanics” may be defined as that part of
physical science that treats of the action of
forces on masses.

There are many branches of mechanics, each

icular kind of mass or

classification of matter.

icable to a part

appl
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What are the different branches of Mechanics?

r
N

8
T

There are many branches of mechanics, each
applicable to a particular kind of mass or
classification of matter.
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Mechanics pertaining to astronomical bodies is ca
celestial mechanics.

The mechanics of gases is called pneumatics.

The mechanics of water is hydraulics.

The mechanics of solid bodies in motion is called
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e The mechanics of heat-energy transfer is called
thermodynamics; and so on.

e Similarly, the branch of mechanics that deals with the
action of forces on soil masses is called soil mechanics,
and on rocks, rock mechanics.
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Soil Mechanics is a subset of the broad subject
Geotechnical Engineering

l |

Geotechnical engineering is a specialty of civil
engineering that deals with the properties, behaviour
and use of earth materials and underground water in

engineering works

ear 1ate ere include both soil
and rock . The term geotechnical is a derived from
Swedish word ‘Geotekniska’ meaning ‘we know it

4
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Definitions

Soil Mechanics: that concerns
with the Engineering Mechanics and
properties of saoil. It applies the basic
principles of Mechanics of materials,
Fluid mechanics and Hydraulics to soils.

e ————————————————————————

o

Rock Mechanics: that concerns with the'x“

engineering mechanics and properties
of rock. It also uses the basic principles
of Mechanics of Materials, Fluid
mechanics and Hydraulics to rocks, but
not necessarily bed rocks.
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Engineering Geology: that deals
with the formations and features of
earth crust including earthquake that
concerns the design and performance
of civil engineering structures.

'Definitions

4. Soil Engineering: that applies the
knowledge of Geology, Soil mechanics a
Structural engineering to the design and
construction of foundations of any
engineering structures.
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5. Rock Engineering: that applies the
knowledge of Geology, Rock mechanics
and Structural engineering to the design
and construction of foundations of any
engineering structures constructed on
or with rocks

6. Foundation Engineering: that covers a
broader area to include both Sail
Engineering and Rock Engineering.
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. Rock Engineering: that applies the
knowledge of Geology, Rock mechanics
and Structural engineering to the design
and construction of foundations of any
engineering structures constructed on
or with rocks

F

6. Foundation Engineering: that covers a
broader area to include both Soil
Engineering and Rock Engineering.
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7. Geo-environmental Engineering
considers the environmental effe
like earthquake, rainfall, ground
water, gravitational movements,
waste disposal, chemical etc. on the

properties of soil and rock.
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Foundation of structures

Underground and ear

Scope of Geotechnical
Engineering

retaining structures

Embankment, excavation an

dam

billsu'bs'id'ence, Soil héave,
Frost action, Soil erosion,
Shrinkage and Swelling
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J, Development of

Egypt (2630-2611

meptior | L1 50)
Geotechnical Engineering / e Hangmg gardens of Babylon ____________________________
1 (605 562 BC) ____________________________
[
7 , The great wall of Chlna “
________ ( NS/
________ Ancient Civil Engineering /" - (220 - 206 BC)
________ Structures of Geotechnical &— The Ieanmg tower of P|sa in ItaIy
........ Importance \\\ \ | (1175 AD) N
- y \
\\ Large publlc bwldmgs harbours
\ | aqueducts, bridges, roads and
\ L sanltary works of Romans
\ SO|I subsidence, Soil heave, Frost

action, Soil erosion, Shrinkage
and Swelling
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1. Pre-classical Soil Mechanics
(1700 to 1776 AD)

>
Q

g . Classical Soil Mechanics-
Phase | (1776 to 1856 AD

istory of Soil 1T Classical Soil Mechanics-
~ | Phase |1 (1856 to 1910 AD

Mechanics \

7

. Modern Soil Mechanics
(1910 to 1927 AD)

5. Recent Soil Mechanics
(After 1927 AD)
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“"IJ-‘Ien fi Gautier (1660-1737), a

Frenchman studied the natural
___________________ \l/Deve opment of slopes of soil when tipped to a
................ GeOtChr‘l i ca / . hea D )
fffffﬁEh_gineerln g i (LU LO MRS R o L
____________ o/ (1671-1761), a Frenchman,
____________ 1, Pre-classical Period of / published a textbook in 1729
------------ Soil Mechanics (1700- 1 for military and civil engineers.
"""""" 1776 AD) \\ He proposed a theory for
N 71\ lateral ea rth pressureon
AN oot _/
\\ Franc0|s Gadroy (1705 1759),
, another Frenchman, observed

the existence of slip plane in
the soil at failure
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pressure given by a

\l/Deve opt

Frenchman, Coulomb (1736-

1806) in 1776, and his works

e

on shear strength parameters

M
Geotechnica
Engineering

of soil and bearing capacity of

2. Classical Period of
Soil Mechanics: Phase |
(1776 to 1856 AD)

-

Exten5|on of Culomb s theory

/
N

by a Frenchman Poncelet (1788-

J

1867) in 1840, a German

"

Culmann in 1866 and an

\ Austrlan Rebhann in 1871 _/

f‘\

\| Stoke’s (an Englishman) law of

falling velocity of particlesina |
fluid media, 1845
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| fluid flow through soil mass in |

~ ' Development of ! 1856 _J

e GeOtChr‘l ica / mme S (1820 1872) a

................ Enp‘”‘]eer‘ no // SCOttISh theory of earth ‘

................ ¢ : i | | QLQ_S_SQ[‘_Q_I_I’_]_1_857 | | | J
~ 3. Classical Period of Soil | // Pauker’s (a Russian) bearing

________________ Mechanics: Phase |l (</1 capacity theory, 1859

---------------- (1856 to 1910 AD) \\\\ " Boussinesq’s (a Frenchman)
. <\ ) theory of stress distribution,

\ 1885 R

\ f Mohr s (a German) work on

graphical analysis of stresses in |

1887 and failure hypothesis of
real materials in 1900
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onsistencies of soil and their |
limits by Atterberg 1911

3 ouble shear testin clay b
Frontard in 1914
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: ell’s b'earing capacity theory,

4. Modern Period of Soil | )/ _~ 1915
Mechanics: (1910to &
1927 AD)

Slip circle analysis of saturate
slope by Fellinius in 1918

\  Prandtl’s theory of bearing
capacity, 1920

Terzaghi’s theory of one
dimensional consolidation, 1925
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Sl érzagl’f bearing capacity |

v ) /| thearv 1042 |
J Development of /L theory, 1343 g

‘Geotechnical E ngineering /| Ca ssg rande s works on Atte rberg ...............

L ,/ limits, consolidation, seepage, soil |
, ,/L classification etc. 1932-1975 |
| 5(a). Recent Soi | Compaction of soil by Proctor,
______________ Mechanics (After g S 1933
.............. 1927 AD) 5 Stability analysis of slope by
\ N Fellenius, 1936; bearing capacity

\ - ’rhpory 1939

‘}\ Taylor s theory on stablllty of earth
\L sIope 1937; consolldatlon curve

Newmark’s chart for computation of
stresses in elastic foundations, 1942
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Bearing capacity theory by |
' Development of _Meyerhof, 1951 |
................. G ec)tchr\li(:a / SkemptOn S bear|ng CapaCIty
_________________ -nginppr ng | / theory, 1951; pore pressure
________________ 5(b). Recent Soil /, > arameters 1954 —
| Mechanics (After 927 é\ Dynamlcs o and -
________________ AD) \\\ foundatlons by Barkan 1962
\\\ Stress path concept of Lambe
\\ and Whitman, 1969
erzaghi’s Significant \ e
~ b e Vibrations of soils and

foundations by Richart, 1970
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Soil is used by different professionals and their
definitions are understandably different

Geologist

All the materials
mantling the
earth crust are
unconsolidated
sediments
overlying solid
bed rocks called
regolith or soil

Agriculturist

Soil is a thin layer of
loose surface
materials of the earth
crust, which is a
portion of regolith or
engineering soil,
where plants grow

Geotechnical
Engineers

Soil is considered to
include all naturally
occurring loose or soft
deposit overlying solid
bedrock. It is formed
by disintegration of
rocks and
decomposition of
organic matter
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N

Soil is a p?oauht due gtogdigsiﬁteggrétigorg\
and/or decomposition of rocks and organic
. matters .

Disintegration process is
known as weathering

N, r

r~

- The earth’s crust consists of both rock and
weathered rock (as soil) up to an approximate
depth of 20 km.

A rock is formed of mixture of several minerals.
Minerals have fixed properties and are formed of
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Layers

Crust

Mantle

Core

Rock: 3 types of rock formec

N4
N/

of several minerals

.......... |gneous: Sedimentary: Metamorphi
95% of earth crust in 80% of surface | C
___________ R | e _
N 4
N\

.......... M |nerals
__________ More than 4150 Minerals Rock forming minerals=8 |
N £
.......... El em entS

Basic elements =118

98% of earth crust is made of

8 elements
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The Feldspar Group
Orthoclase and Plagio
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: ‘Rocks and Minerals

""" | Classification of IVIiajOI’ Igneous EOCkS

........................ Chemical

Co o Granitic Andesitic

ey

Bazaltic : Uhramafic

Deminant

i Faotassium feldspar Sodium- and ! P Cilene

-wm"fmh;|ﬁpﬂr pw?{"’gmﬂ;ﬂﬁdr;pai plagioclase feldspar CyRane

Cosrse-grained | qgp 1,‘,1 Granite Dioite = Gabbro [ERCIIETATS

| ‘ Quartz Amphibole | B

ITTRSE RS ILY.

|’ (rara)
q

MArmmswere @ ——— -r-u!

“Paorphyritic” precedas any of the above names whenever there are
s .Elpprm|£:h phurm"_.rata.

o — e — == = = L —

Obsidian (compact glass)
- Fummu ifrothy glass)

0% 1o 25% F'ﬂ".'!{- tn -1-5'5"5. d-‘:l% tr:l Elt-'fi{:-

Parghyritic

Glassy
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| Chemical Sedimentary Rocks

Texture
igrain size}

Fine to coarse

crystallineg

Visible
shells and shell

fragments looaely

cemented

Varous size shalls
and shell fragments

cemeanted with
caleite coment

Microscopic shells

and clay

Very fine
crysialing

Fine to caarse
cryslalting

Fime to coarsa
crystalline

Fine-grained
arganic mattar

LI WD e e TE— .m.-n--I

Rock Mame

Crystalline
Limestone
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sical/Mechanical

Solution Carbonation

Periodical

temperature
changes

R

Hydration—- Dehydration

edging action of

ice

Oxidation

plitting action of

plant roots

brasion action of
wind & water
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action




Physical or
Mechanical
Weathering

forces that break rock

into smaller pieces

without changing the

rock’s mineral

arse'!'rained

~ormnncitins _.-‘“
o1 ronm:

Weathering

Chemical
Weathering

o

Involves breaking down

rock components and

internal structure and

|

k_forming new components

-ine Grained Sc

)il

Biological
Weathering

Accomplished by the

action of plants & animal

due to their secretion of

enzymes (weak acids) for
their nutrients




S
b,

i
S

S

R
£
2

S,

o
i
L

S
REER R

b

dba b

e
b

e
SR

)

dba b

e
b

e
SR

)

dba b

e
b

e
SRR

)

dba b

e
b

e
SR

)

dba b

e
b

e
SRR R,

B e
!
2

L b b b,

e
o
e
s

e e et e et e e b et

2

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

R
i

o

i

o
SR

!

i
i

;E:E.\

Factors Affecting Weathering

icularly physical and

chemical, depend on the climatic conditions

part

Processes,

Climatic Conditions

ipitation

Prec

Temperature
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Hydration

» Hydration is one of the most common
processes in nature and works with
secondary minerals, such as aluminum oxide
and iron oxide minerals and gypsum. Soll
forming minerals in rocks do not contain any
water and they undergo hydration when
exposed to humid conditions.

a) 2Fe,O; + 3HOH — 2Fe,0;.3H,0
(Hematite) (Red) (Limonite) (Yellow)

b) AlLO; + 3HOH —  Al,O;.3H,0
(Bauxite) (Hyd. aluminum
Oxide)




| Hydrolysis

\
| fC » Hydrolysis is the most important process in chemical weathering. It
) is due to the dissociation of H,O into H* and OH ions which

e chemically combine with minerals and bring about changes, such as
exchange, decomposition of crystalline structure and formation of
new compounds.

» KAISI;Oy+H,O0 — HAISi,O4 + KOH
» (Orthoclase) (Acid silt clay)

. HAISIﬂDB + 8 H'DH — .pIIEDa .SHQ'D + 'E HESIDQ_
» (Recombination) (Hyd. Alum. oxide) (Silicic acid)

« Some substances present in the rocks are directly soluble in water.
The soluble substances are removed by the continuous action of
water and the rock no longer remains solid and form holes, rills or
rough surface and ultimately falls into pieces or decomposes. The

action is considerably increased when the water is acidified by the

dissolution of organic and inorganic acids.

NaCl + H,0 — Na-, CI




(N

Carbonation

» Carbon dioxide when dissolved in water it
forms carbonic acid.

e EHEO + COE o HEGOS

« This carbonic acid attacks many rocks and
minerals and brings them into solution. The
carbonated water has an etching effect up on
some rocks, especially lime stone. The
removal of cement that holds sand particles
together leads to their disintegration.

] C&GOS + H2GOS % Ca(HGOS)E
e (Calcite) (Ca bi

carbonate)




Oxidation
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Reduction

» The process of removal of oxygen and is
the reverse of oxidation and is equally
important in changing soil color to grey,
blue or green as ferric iron is converted
to ferrous iron compounds. Under the
conditions of excess water or water
logged condition (less or no oxygen),
reduction takes place.

(Ferrous oxide)




 DISSOLUTION |

* Dissolution occurs when rocks and/or

~ minerals are dissolved by water.
The dissolved material is transported
away leaving a space in the rock. One

consequence of this process is the
formation of caves in limestone areas.

+ Several common minerals dissolve in
water

— halite
— calcite

* Limestone and marble contain calcite
and are soluble in acidic water

* Marble tombstones and carvings are
particularly susceptible to chemical
weathering by dissolution.
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* Biological weathering is the actual molecular

breakdown of minerals. There are things

called lichens (combinations of fungi and

algae) which live on rocks. Lichens slowly eat
away at the surface of rocks.
* Lichens, fungi, and other micro-organisms
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SEVEN SOIL TRACTS

—

Madhupﬁr Tract
or Red Soil Tract

/ Barind Tract

Seven Soil

Tracts

Tista Silt

ra

rﬁaﬁutgra

_Alluvium____|

Gangetic Alluvium

Coéstél Sa Iiiné

Tract

Hill Tracts

S0

100km

[T 71 Medhupur Tract or Rad Sail Treat

737 Barlnd Tract
371 Tleta St
4 | Brahmaputra Allavium
5 | Gangatc Alleiam
| & Cosssl Saine Trac
(22 Hill Tracts |

mures: Fslom and Tslam, 1955


http://www.banglapedia.org/Maps/MS_0222.gif

1. Modhupur Tract |

10,000 sq km

Dhaka, Mymensingh and some isolated
areas |n Chlttagong, Cumllla and Sylhet

2 Barmd Tract

13,000 sg km

Rajshahi, Dinajpur and Bogura. This tract
belongs to an old alluvial formation

T

16,000 sq km

Rangpur, Dinajpur, Bogura and Pabna



4. Brahmaputra Alluvium

Cumilla, Noakhali and Sylhet except the |
40,000 sq km hilly areas of greater Mymensingh, Dhaka |
and Chattogram |

5. Gangetic Alluvium
Jesohore and Kushtia and some parts of |
27,000 sg km Rajshahi, Pabna, Faridpur, Khulna, |
_BarishalandDhaka |

6 Coastal Salme Tract ______________

Barishal, Patuakhali, Khulna, Noakhali

20,000 sq km and Chattogram
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7. Hill Tract

Chattogram Hill Tracts and the Garo Hills
15,000 sq km of the former greater Mymensingh
district




Hill Soils

" Raised Alluvial

Terrace Dep05|t

' Six Types |
|of Deposits)

i

Alluwal Flood

L Plam Dep05|t

Hlmalayan

Piedmont Deposit |

e

Estuarine and
Tidal Flood Plain

Depression
Deposit

wEST BENGALZ T ¢ -t

(INDa)
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Origin/ Deposition
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Grain Size
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MZA

S, o i, e e e o e e e e e e

Organic | /

OC < 5%, Inorganlc SOI

Soil ﬁ OC 6 20%

Deposit

\ A

Organlc silt or Organlc cIay

Soil Deposit

\ ( 0
\ \OC 21 74A>

\ |S|Ity or Clayey Organlc 50|I

\ OC: >75%, Peat soil;

2
”— ‘
- — \\

Inorganic or
Mineral Soil
Deposit

- High natural moisture

l/,

content (up to 1500%).

- High compressibility .
- Low strength in natural
conditions.
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Yellowish or Reddish

Fine grained

Lateritic

: More than 90%
Coarse Grained

Laterite

ing

Black, Swelli

Montmorillonite

)

Properties

\\ Black Cotton

Residual Soil




Residual Soil Deposits
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Alluvial Soil
e Deposited in running water; River Bed Soil

e Sorted material

Lacustrine Soil
e Deposited in quiet water; Lake deposit
e \erved secondary structure; Verved clay

A B

e Thin alternate layers of coarse and fine soils

Marine Soil
e Deposited in saline water

e Fine grained

Marl
e Calcium carbonate or Lime rich soil
e Also known as Mudstone ot Marlstone
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Alluvial Soil Deposits
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MZA

Glacial Till
e Heterogeneous combination of

ugns?trgtiﬁegdgsegdigm?er)tsf

Boulder Clay
e Composed of clay, boulders of

J

intermediate size, or both

b

Moraine

J

the recession of the glacier

e Land form or topographic surface after




s
I
S

5
i
b

S,

o
i
L

I
R

R

dba b

e
b

i
hE

i
fEE

B

SRR
fEE

by
o

S

by

b

dba b

SRR
R

e
b

i
fEE

o
ERERR R,

0
PR,

dba b

e
b

B

S
SRR

B

2

)

i

dba b

T
SRR

B

EbhEE

SRR
S

i

dba b

T

i
S

ier Transported So

B e
!
2

L b b b,

5
i
i

4

e e et e et e e b et

2

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

R
i

o

i

o
SR

e
2
b

Deposits of large size particles (boulders)

Form of long winding ridges

Erratics

Eskers
Asymmetrical, canoe shaped hills with

J aerodynamic profiles
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Aeolian soil

Wind Transported Soil Deposits

Common name of wind transported soil is
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MZA

Dunes
Formed due to accumulation of sand|

particles carried and deposited by wind

S m—

Loess
Wind blown finer particles (silt)
deposited with some clay and cementing

materials. Also known as Collapsible Soil

Tuff
Wind blown volcanic ashes

5
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es: Formed due to accumulation of sand pai
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: Colluvial Soil or Talus

Common Name
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Grain Size (mm)
1.0

1000 100 10 1 w i . 0.01 oo0f T
: I"" L] L) I"TT‘ L | Li L] Il LA AL LJ L] I!lI' L T L] ll'l'l"l' L L ) 'ITI'Il LA 1 L] L 'II"I'I':'I' T 1 L
ASTM  Boulders | Cobbles Gravel Band silt Clay Colloids
Fmrne{ s i e 0 T § T} T e
300 % 475 2.0 0.425 0.075 0.005 oo i
(#4) (#10) {# 40) (# 200)
Sand
AASHTO Boulders Gravel Silt Clay Colloids
Coarse Fime } v 0 e
75 2.0 0.425 0.075 0.005 0.001
Gravel Sa"d ..........................
USCS Boulders |Cobbles Fines (Silt, Clay)
Coarse Fine Euarnei Medium Fine: ¢ = E
300 75 19 475 2.0 0.425 0.075
Gravel Sand Silt
BAS&  Louidens obbl Chay
MIT Coarse | Medium | Fine Coarse |Medium | Fine Coarse | Medium| Fine
200 60 20 b 2.0 0.60 0.20 0.06 0.02 0.006 0.002

BNBC Boulders

Sand

Silt

Fine

Co&rsc{ Medium

19 95 475 2.0

0.425
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In the field coarse grained soils are identifiable by
naked eye. Fine grained soils usually form lumps

because of their
these lumps may also include some fine sands

Field identification tests are meant to perform
clay and fine sand) as they are not discernable by




MZA old 10E ATIC 2 c 0
colour |
Highly organic soils havedark brown to black|
! colour. Inorganic soil is usually grey colour. i
Odour
Bad smell or odour of organic soil.
f ) Appearance
Coarse grained soil particles are large enough to be
{ J visible to the naked eye. .
f 1 Feel
May be tested for feel by placing it in between the
\ ) teeth. Gritty feelings for sandy soil.
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Sands settle in 30-60 sec., materials of silt size

Dilatancy or Shaking
) settle
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The reaction of this test may be described as

J very low, low, medium, high and very high.
The conditions may be described as weak and

J) friable, medium and tough.

\ Dry Strength
) Plasticity or Toughness
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’—msl Field Identification Tests of Soil

ypical Reactions from Field Identification Tests
Soil Type | Dry Strength | Dilatancy | Plasticity Dispersion
Sandy Silt None to very | Rapid Weak to |30 sec to 60 min
low friable
Silt Very low to | Rapid Weak to |15 min to 60 min
low friable
Clayey silt Low to Rapid to [Medium |15 min to severa
medium slow hours
Sandy clay |Low to high |Slowto |Medium |30 sec to several
none hours
Silty clay Mediumto |Slowto |Medium |15 min to severa
high none hours
Clay High to very |None Tough Several hours to days
high
Organicsilt |Low to Slow Weak to |15 min to severa
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Soil Structure and Fabric
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e Single grain structure

e Honeycomb structure

e Flocculated structure

e Dispersed structure

e Packet or ped
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J be observed by naked eye.
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_ optical microscope for their study
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Particle Shape of Soi
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The shape of soil particles can generally be
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’—msl Particle Shapes of Soil

________________ S/ =Bl=J|k=y= T

Bulky particles are mostly formed by mechanical
weathering. The shapes of the particles are
angular subangular subrounded and rounded

.................................. — P —
.................................. I Flaky 2greegﬁ 'éie?nr&is;;ee?f; Ef\évpﬂgf’eely the shape of an i\
""""""""""""""""" Flaky particles have very low sphericity, usually
""""""""""""""""" 0.01 or less. These particles are predominantly

L clay minerals. ]

4 Needle Shape “
Needle shaped particles are much less common.
Coral deposits and attapulgate clays are the
examples.



sphericity: a measure of how closely the shape of an object resembles a perfect sphere
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The roundness or shericity of a particle is defined as

the ratio of minimum radius of the particle edges to

the inscribed radius
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Roundness  Very
dasses  Angular

High Sphericity
Low Sphericity
Roundness 0.12 0.17 0.25 0.35 0.49 0.70
indices to to o to o to

0.17 0.25 0.35 0.49 0.1 1.00

The degree of roundness and sphericity for grains in sediment or a

................ sedimentary rock are usually determined by comparing grain shapes to
published charts that are based on statistical studies. The degree of
rounding and sphericity both tend to increase with transport distance and
with time. They are also impacted by grain composition.
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some basic tests of soil materials. These tests are
known as the classification tests. The numerical
results of these tests are often termed as index

LI 4 i A 4

y
N

Two most common classification tests are:

e Grain size analysis for coarse grained soil

e Consistency tests for fine grained soil |~
_




;E:::\

Coarse

[=;
)
H ©)
<)
=
(]
=
O

(7))
i)
f
L
c
O
)
(g¢)
(O )
4=
(V)]
(¥p)
s
O

I

A

e
2
(Vp)
% Pl —
N ©
> -l
S
o Tig
=)
< Y o
S| 25
@)
S S
o O o
+ dV.
) - 8
— >
Vp) () T
> -
© S
C Q
A (Vs
— »w B
(g ._n_u. S5 =
m n o .B.W
(S <C =
ols _ )
O n = © ‘T
‘» L C oo
= < ©
3 B
< O e
o |1 a8
i =
> O e
7







s
I
S

5
i
b

S,

o
i
L

)
IS
v
Q
L
)
>
i®)
O
Q
o+
©
C
20
%)
Q
O
Q
—
©
4
=
Q
e
o+
C
q0)
e
i)
p -
Q
o]0]
—
g
(s}
Q
>
R
wm
T

I
S

SR
R

b

S,

T
FEECR e

EbRE,

2

R

i
fEE

o
R

e
LA,
E

S T e
S LA

dba b

e
b

B

L

)

dba b

T
S

i

ey

S

)

dba b

e
b

ISieve Designations

B e
!
2

L b b b,

e
o
e
s

e e et e et e e b et

S e
b

R
i

o

i

o
SR

!

i
i




s
I
S

5
i
b

S,

o
i
L

I
S

SR
R

b

dba b

T
REERE

S

2

S

2

0
R

S

i
2

G

R
J

B

Smaller:S

2

)

dba b

e
b

B

S
S

2

)

i

cording to the number

B e
B e et

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

UP\.—II

Small

B[

i

2

o

e BN

- o

P (q0)

Y

| & e — ‘ - .

o lr\

i

e ) Tl

Hm 5

£

. @ c

i

= .

L5 B RiE
' 2 .= -1
S . 0 =———

|
- Ay
‘) +
v
e > (V)
Q 0
0 ——— —
w S .nl
= C
B g
C
C
_.M .
|




ﬁ_ﬂﬁ-_ﬂ_ﬁl

‘ 8l O T;__ i ‘%

| 1 uﬂrw

= — ﬁ-;l—'f\.'-n--. s
L - -
- gl ST ——
.
=7
— -
’

A w.t. = ﬂﬂu ﬁg}r

: __ _ d_ ./ J

’—T Sieve Analysis: Test Procedures, ¢







o
N N
o< I <
7, -
C
S
U c N 0 o
a mw i 9] ™~ P LA
S
]
(O
(&) V
= _ AN
m\w w..m - N - 0 N %
0 N [l
(Vs
> 0=
C CE v 1 m S
(= Sw o o < S 9 N
._nl.“ ™M i N
A —
Q A
= c— | o o n O O un
) o TR A o0 NS DS
N Q ™ — S S N O
W) S —= — o000
o
Id w9 o299 88
Q — S N3O N
I p)
_m
. i




N Grain Size Distribution Curve
100 o

_—

90

80 /

0| 4
60 :

o /
40 :

30 ! /

20

Percent finer

10 =

0

0.01 0.10 . 1.00 10.00
Diameter, mm

()

in Size Parameters :




= Y=
o © ml..
2 E m”. © c
.m .._m .”w w m st il
— e ~ =
= = cl & € O
C — T O -
C ‘- N QL 00 L =
A 0 v I.MI- L= % ~ O
p— N Q D i nU. ©
- O ERAE D .
b g = f
) =T oG
(qo; mc - %)
— BTa 2 9
- & G > = TS
o — -
._nuu. &) v - o © O
-—\ﬂﬂ ) O P e o mmim
o 9 o w O O e
m c + 40 . m 5]
H 2 =S L .
o n " OD ) i (7]
S = o 5 @
© O D= )
= E 4 Cm £S=
I - J.m“ - cC ..Tu
5 ) Pac S L
= c S = o
QO -— /) ©
e S5 © &
= o o Lc @
o I ST o & =
] O w - e
- o & iy O
> .h- m o In_m r_w . i
= EE S5 E =
U— . il
<< O o S el e 9
)




(an 1 [{ ) ) ~ A
'V ud \LJ k p e
(111w A m m M (@) by (®) r
- . . Eu ®
M O UV O & 7 O
N  IEETSEREE
7)) I e T
= S W .o N o
S S  — O 5= 2 cE
] (e O (L ”
S o wn v C =T
- o wn (O Q
c O U + c 0 <C
T =2 g
= >89 £ % 5.3
S O3
E 6 8o E28 we
S s ° o © 5 c 08
— m 2 =0 £ o Y o=
S = o %28 e o
G - Q..U
e dﬂ a (qo] p O .........
) =y . TR S|
e ) b g \ &
< c B - . ¥ m .
S m - 2 0% .
wn P LIS
o + 5 ...b O i QO L IMH
L S iy (- - o
O o0 > .2 5
y .nu (oY0) ._ﬁlnm > ._u O ® m
= E St c5 03 vo
BT v 2 o T
TGIEKEYESEN
e |9 | Clw O c.
O - A g —
_. T89S E9B
__ E D E o w2 T =20E




A

(]
°
1 Ul

spension.

IS

tratio
su

llitetratian. aAf A

HiIuUc

IC-1
cle

N

le part

sing

EineiGrainediSoil

(s
=
(©
c
=
=
=
e
Q
)
Q
&
e
-
=
S~
=L

I




S
b,

i
S

%
%
%
%

e
M
s
o
i

2t
i
L

i
i
bh

I
S

aly
~)

S

lned

dba b

T
REERE

B

S

R

dba b

IS

T

i
L)

o
SRR

vard buoyancy
of the pa

S

SRR
S

G

dba b

e up

splaced multip

e
b

B

g
LEANEAE,
|

2

by

)

i

dba b

1.
Jyc

S
e |

i
S

g3
S

S
L]

us r

2

2

Hydrometer (Wet) Analys

2

0
e

e to the weigh

dba b

T
S

S
LR

SRR

IS (

B e
!
2

L b b b,

5
i
i

4

e e et e et e e b et

2

S e
(]

R
i

o

i

o
SR

b
!

i
i

a)

EineiGrainediSoil

GCEWwI W Wi

article af ra

Al

d TOrc

P

a
force is equal to the volume of fluid d

J

downwar

2
I'q

ar.a <snheric

The
.e.,

=




s
I
S

5
i
b

S,

o
i
L

I
S

SR
R

b

dba b

T

i
b

i
=

2

i
fEE

SRR
A
-
e
®

IS

o
S
L

N

°
°
)

dba b
| 4
/U

IS

T

I

i
b

i
bh

nru
ater

g3
ERERRREE
a i

ey

NG
W

2

S

A

e

dba b
L}

Ic
_COr

e
b

B

g
e
.

1er a

=671

b
L]

by

)

i

dba b
L¢

— = IlY.:

-

e
b

bh
'

i
b

i
L

InediSo

S

2

-

2

Hydrometer (Wet) Analys

2

y of w

v
/
C
t settles in the

o
fei
L ]
.

€ VISCOSI

Gra

dba b

T g
S

‘N )

i
b

c riet veruicCdl |

B

B e
L}

L b b b,

5
i
i

4

e e et e et e e b et

1"3‘V,.

h
f the

2

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

R
i

o

i

o
SR

ine

ere a

B

‘hat t

o
S
f the sp

] —

—F
T

0]

f(j nl

Stokes 1

=




IS

Hydrometer (Wet) Analys
FinexGrainediSoll

-
I

]
D
D
) N
> G
E % 3|
P L/ :
Vo)
c \“
s ¢
© NS -
@ o) o .
S —/ e Y
B oo >
C A o
[ o
E & —
= > ¥
Q o~ P’
o & N
m_u %] ) 2D .m H,ll
o 5 =
Q> o R )
& ‘~n & —
DN . = | Awn cC
n—-L i M’ o~ _S t
=Y “ : fm\ e
e n O 1l
._n_lw __ JMD I
N U N - -,
. n ‘e —
— >
~ (@O o~
-’ L — -
9 Vg
:/




s
SR
REERE,

S,

o
i
L

I
S

Hydrometer (Wet) Analys
S

~11

rail

)

dba b

i

o ) [ S
i b

i}

T O |
i I —

mm. l :::\

. = - -
e -
mwm In nl V: o
i ﬂq E
)

£

= Co e Q

e t

o e S

i ()

i o o
. w o %

i | .

2 o mmm e

4 -

2

T

i
EE

o
EbRE,

by

S

ntor
C LUC |

e,
2

L

i

dba b

vdrometer

l,vll T Wl

m

les would have

e
b

S
S

2

cli
Ui

HEEE

lled the effective lengt

c
a
t‘

ey

i

h

dba b

2

T

B

Y C

i
b

i
b

R
L

B

2

B e
!
2

L b b b,

5
i
i

4

e e et e et e e b et

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

R
i

ey

o
i
++ ;

e
2
b

sureme

- WAl w11

EineiGrainediSoil

ed

ommon

5
—
el
Nnarricloc

dl LICITCO
larger part

\bg — l))’w

O

-

) .

.r S’ o

= N ~] ; @)

D) (an

@) + .. @D

Q. TG

Q U >
1 - v - T 2 N

J t K
! o m — m ﬁw -
__ w <L o o




s
I
S

5
+“=++++
bk

"
i
L

i

I
S

f

thus
d

SR
R

b

e
LA,

i
S

N are

i
b

B

NTIoN

i
b

i
S

i —
- : +
o
2
o
2
5
o ® s n
453 'l
5
i T
£ v
. O ]
2
i
43 o0 —
o
2
- (V) —
i
2
HH.. -
o
SR V) o=
)
—

ey
(]

ey

S

SRR
bh b

'\

G

dba b

for D

cuired

-

2

T

d
represent

i
b

ters (cm), the un

S
[

B
L}

G
|

i

dba b

e
b

S
i

fisc.m
| O 4

| %4

by

S

+. £~

L

eXpPression

Hydrometer (Wet) Analys

B

- V4
to
n

i

D)

dba b

e
b

i
S

i
S

SRR
I Lo BV A o
NN D)
actluu
—

B

(¢

B e
B e et

5
i
i

4

S e
b

R
i

5
i
e

b

i

i
!

Ime

!

b
!

i

EineiGrainedSoil

+
tO

N1

measurea 1IN Ce

antageous
he above

as

IV

d

V.

SO

2

ie
s, giving

s)/c
A jl A o4 L o

t

millimeters.

(

¢

Mo
ni

=




MZA

o =
W 0}
-I“ .u
> (O
n e
D..
- &
. C I
7 il :
) S
e ) = S
= m_m cC =
: e &
= = & ol
= = ic =
el
= He
@ - Q
(e wN (
B Rl Y o
Q
. S = 5
— c :
7 5.0 .
m o 4 40“. _ o
m- 1] i i e %
~ - N i [ -
a A o
g SN @
........ e . O ! .
p— m_u m K |
)
......... . C m
> O .
D > o vy




Hydrometer (Wet) Analysis:

Fin Graine Soil

rrections of Hydrometer Reading
The ASTM 152-H type of hydrometeriscalibrated up to
a reading of 60 at a temperature of 20°C for soil
.................................. particles having a Gb = 2.65. A hydrometer reading of,
say, 30 at a given time of a test means that there are 30
g of sail solids (G, = 2.65) in suspension per 1000 cc of
t t
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’—HT Hydrometer (Wet) Analysis:

EineiGrainediSoil
The results of mechanical analysis (sieve and

nydrometer analysis) are generally presented by semi
ogarithmic plots known as Particle-size Distribution
Curve. TR 1. Effective Grain Size
100
, 1d
80 _ '-_._.P"L' DlO (ln mm)
80 7
70 | / 2. Uniformity
50 | Coefficignt
El it =
€50 : —
5o | ; T
B o A i 3. Coefficient of
2 | ' ; | Gradation/
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Hydrometer (Wet) Analysis:
FinexGrainedsSoil

ono2 DR B

{a) Uniform Size Particles; Uniform Graded

0D Qoo

(b) Non-uniform Size Particles; Well Graded

JB...

(c) Missing Particles; Gap Gra
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Definitions of Limits

gains a certain small shearing strength.

Liquid Limit

The liquid limit (w, or LL), is the water content at the

transition of liquid state to plastic state, whereby it

Y,

Plastic Limit

The plastic limit (wp or PL) is the minimum moisture

content at which the soil can be deformed plastically.

P

EShErinikaige i.irﬁit

The shrinkage limit (wg or SL) is the smallest water

content below which a soil sample will not reduce its
volume.
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Method

Cassagrande’s Cup
Method
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Preparation of Test Sample

ionth, +a b hrealcan

1

£f
QUIII\.;ICIILIY CU NGO NITUINCITI

up by a mortar and pestle. It is then sieved using a
425 pum (No. 40) sieve and materials passing are

taken for the |

LN Iy C1l

firct Arind
Aot Oricd

1
19

Thao cnil

all

r1rrcC ovVril

is mixed

t tests. The soil sample

Imi

thoroughly with water into a smooth thick paste,

and stored in an air tight container for 24 hours to
allow the water to mix thoroughly with all the soil

grains




S
b,

i
S

gy
M
s
o
i

o
i
L

S
REER R

b

dba b

e
b

e
SR

)

Y

++++:=::+=+++++++++++++++++++++++++++++++++++++++++++++++++

e
H
HE

+=+:+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+“+
S

bt

o
i
R,

i

i
%
2
e

ik

i
i

e

e
Y

SRR

o
i
‘M‘f“

2

R

dba b

T
LR

e e e
b
2

b e

et

P R R
it
L

i
H

O
c
9
1)
(4
=
&
p
Q
)
Q
)

;:E_E\

Cassagrande (1932) developed a standard device for

the determination of liquid |

t suggesting that at

Imi

the water content of liquid limit a clay soil has a

small shearing strength of approximately 2.5 kPa.
The device consists of a metal cup seated onto a

hard rubber base and fixed to a crank shaft
arrangement with a handle, so that the cup can be

alternately raised and dropped.
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Determination of Liguic

Method

Lambe (1951) suggested that flow curves plotted on a
double log scale should give parallel straight lines
represented by the following general equation:

n e
wi=w(3;)
Where, w = moisture content in percent at n blows.
The value of exponent e is suggested as 0.10 by Kapre
and Kulkarni (1972). This is commonly known as the
one point method of determining the liquid limit by

Cassagrande’s apparatus.
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The cone penetrometer
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____________________________________ Nagaraj and Jayadeva (1981) also proposed for cone
penetration method an expression for determining
liquid limit as
W; = —
L 0.65+0.0175D
Where, w is the moisture content corresponding to
penetration D (ranging in between 16 to 26 mm)
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~ Q@ The soil is again reformed into a ba:l'l ; the action of

Qs then re-rolled on the glass shnefet until the thread
sta rtsto crumblehju'st ________ as th ed|ameter Ec_r:xcih_e._d _____________________
________________________________________________ approx1mate|y3mm At this st g E thethread
frégmenis are taken into an air tight container.

@ The process is repe'ated for the other three sub-
mples > thread f i
£y Samecontalner ........ a
ntent determined.
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@ Both the liquid and plastic limits depend on the
type and amount of clay in a soil. However, the
plasticity index depends mainly on the amount of
clay. Thus, the plasticity index of a soil is a measure
of the amount of clay in sail.

@ As the particle size decreases, both the liquid and
plastic limits increase, but the liquid limit increases

t -a greater rate. Therefore, the plasticity -index
increases at a rapid
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'@ Shrinkage index is directly proportional to % of

ay-size fraction present in soil. It can be used as
nindicator of amount of clay.

@ The flow index-is the rate at which a soil mass
looses Its shear strength with an increase in water
content

@ The toughness index is a measure of the shearing

L L.l b | ool g | Q l° ‘L L.° | |
strength ot the soil at the plastic limit. A high value
of toughness index indicates a high percentage of
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1=C, <3, C =4
.
Fapg<5% % sand =15%, name GW or GP with sand

Y
Other G, & C,

G SReTong=12% o GW-GM, GP-GM, ™\ Por W is based on GW or GP criteria. M or C
& GW-GC, GP-GC is based on plasticity chart for F,; material.
=
% Fapp>12% GM or GC C or M is based on plasticity chart for F_material
o or name GM-GC for CL-ML zone in the chart.
= 1=C, =3, C 26
£ g Fﬂ . ) % gravel =215%, name SW or SP with gravel.
L % | S
"% —'"f,. Other C, & C)
e o Sk p,=12% SW-SM. SP-SM, P or W is based on SW or SP criteria. M or C
Eia 5 SW-5C, SP-SC is based on plasticity chart for Fao material,
F 12%
§ 2007 » SMor SCYy Cor M is based on plasticity chart for Fio material
— or name SM-SC for CL-ML zone in the chart.
L r = I
o i 2 »( MH or ML
Ly | &
_| =
Iﬁ I
| o | CHor CL
[«

[
I

O for LL{oven dried)/LL{natural) <0.75, or non-0 for LL{oven dried)/LL{natural} =0.75

Pt is identified by color, odor, spongy feel, and frequently by fibrous texture.
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Flow Chart For USCS
Copyright 1998, Alan Scott

Gravels
motre than 50% of coarse
fraction retained onn Mo, 4

sieve
Coarse- Graine d Soils
more thaty 30% retaitied on
Mo, 200 sieve

Sand=

50% or more of coarse
fraction passes Mo, 4 sieve

SRADATIOMN CURVE
AMD
LATTERBERSG LIMITS
oM FRACTION PASSIMNG

Clean Gravels

less than 5% fines

Between 5% and
12% fines

Gravels with Fines
more than 12% fines

Clean Sands

less than 5% fines

Betureen 5% atnd
12% fines

Sands with Fines

more than 129 fines

Crr Sdandl S0 53

I

Cpp <24 andfor 17 O <0 3

helow A line and hatched
zone on plasticity chart

limits plot it hatche d
zofie o plasticity chart

above Aline and hatched
zone on plasticitsy chart

[cU Z4:041 Eop 53
Oy <4 bdior 1< <3

T
-~

below Aline and hatched
zone on plasticity chart

litrdts plot in hatehe d
zone on plasticity chart

abowve 4 line and hatched
zone on plasticity chart

g

bbb b

e e e e
S A R

A MO, A0 SEIVE

5ilt and Clays
ligid limit le ss than 50

Fine- Grained Soils
50% ot mote passes the
Mo, 200 sieve

liguid limnit 50 or more

Inorganic
(examine color
atid odof)

Organic
(examitie color

atid odof)

Iwrganic
[exatnine color
atid odof])

Organic
(exammitie color
atid odof)

PI>= 7 and plots on o
above Aline

PI < 4 or plots below A line

Tl gvrer deied =075
ILnat dried

I

FI plots on or above Aline
FI plots below A line

L gver deied <075
Lot dried

GW
L
GW-GM, GW-GC
GP-GM, GP-GC
M
=
GM-GC é
o
GC o
==
- |
SW %
sP o
—
SW-SM, SW-SC | |
SP-SM, SP-SC 3
M '5'
[ |
SM-SC =
—
o =
ML ——
=
g
ot &
CH
(PT - heavy odor, primarily organic)
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100
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MH or OH
70

Faor classification of fine-grained soils

and fine-grained fraction of coarse-grained
50ils

Equation of "A"-Line

orizontal at Pl=4 fo LL = 25.5,
then Pl = 0.73(LL-20)
Equation of "LI" - Line

Verlicle at LL

H

[
1

ML or OL
40

0

=16 1o PI=7
o
2

=

7 7cum

then Pi=0.9{LL-8}

10
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Granular Maternials

General Classification

A-1
A-3

Growp Classification

A-1-a | A-1-b

{357 or less of total sample passing No. 200 [0.075 mm])

A-2

A-2-4  A-2-5 | A-26 | A-2-1

Sieve Analysis (Percent Passing)

Mo. 10(2.00 mm) 20%
MaAxX.
No. 40 {0.425 mm) 0% | 0% | 5%
Max. Iax [,
M. 200 (00075 mm) 15% 5% 10%
max, | max max

Characteristics of Fraction Passing No. 80 (0,425 mm)

Liguid Limit — — —
Plasneity Index fimax | Bmax NP
Usual Types of Significant | Stone fragments, | Fine
Constituent Materials gravel, and sand | sand

Genaral Subgrade Rating

“For A-7-5 Fi= L{ =30
¢ Far A-7-6 Pl = LL-30

35%
Tax.

35% 35%
max. | max

3%
max

A max. | 41 min. | 40 max.

10

1} max 11 mn.

Zilty or clayey qravel and sand

Excellent to Good

41 min,

11 mim.

e e e B
e
Sttt be e,
S R

Silt-Clay Materials
(More than 35%% of tolal sample
passing Mo. 200 [0.075 mm])

A-7

A4 A5 A6

A-7-5* | A-T-6"

36%
min.

J6%
min,

36% rmir. i 36% mun.

40 4.1 1 41 min 41 min.
Max. IHIED. ma. | T | T T e
0 10 1.1 11 min. 11 min.
max.  [MAakx. I¥H.
Silty soils Clayay soils
Fair to Poor

Source: Takla 1 of M 185-81 {200 T) in Srandard’ Spacifcabons for ransanrtatine Matars's and athads of Samednig and Teshng, by tha Bmencan Association of Stete Highway snd

[ranapartstion. MEcals, Westnagler, DL, @sed wilh explicit permission
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’—TAASHTO Soil Classification System

The group index is usually expressed as a whole number
in parenthesis along with the soil group. The negative
value is considered as zero. When working with A-2-6
and A-2-7 subgroups the Partial Group Index (PGI) if
determined from the term containing plasticity index, I,
only.
Group Index, PGI = 0.01(F — 15)(Ip — 10)

As a general guide, the higher is the value of group
index less suitable is the soil for subgrade material.
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CE341/EWCE341: Soil Mechanics |

Professor Md. Zoynul Abedin
Dept. of Civil Engineering, MIST
Dhaka, Bangladesh
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COURSE CONTENTS
Failure Mechanism within Soil Mass
Shear Strength of Soill

Failure Theories: Mohr-Coulomb Failure
Theory

Shear Strength Parameters

Determination of Shear Strength
Parameters

Drained and Undrained Shear Strength

near Strengt
near Strengt

near Strengt

n of Saturated Clays
n of Sandy Soil

n of NC and OC Clay Saoill

Pore Pressure Parameters



Shear Strength of
Soll
6.1 Shear Failure Mechanism Within Soil
Mass

If the load or stress in a foundation or earth
slope is increased to cause an unacceptably
large deformation, the soil in the foundation or
slope is considered as failed against its
strength.

As the soll is a granular material the excessive
deformation generally occurs due to sliding,
rolling or rearrangements of the particles with

In a soil mass or simply due to shearing. Thi33
nhenomenon i< ilhiustrated in Fias 6 1 and 6 2



Shear Strength of

Ol
6.1 Shear Failure Mechanism Within Soil Mass
(Contd.)

Fig. 6.1 lllustration of soil failing in shear due to sliding
and rolling of particles. 4



onhear strength ot

6.1 Shear Failure M&¥RUnism within Soil Mass
(Contd.)

In case of footing, the compressive stress at its
base due to applied load from column causes the
soil immediately below the footing a tendency to
move in the outward and upward directions. Thus,
the failure line will follow the inclined resultant path
causing slippage or shear along this surface, Fig.
6.2(a). The failure mechanism is further illustrated in
Fig. 6.2(b).

Thus, as soil is a granular material, whatever may
be the external loading, the eventual failure within
the soil mass would occur due to slippage on a

nAarticrtilar ecrirfFAa~nA AW arin~nh +thh A ~Aantacrlhni~Anal
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| Scﬁil | L |
6.1 Shear Failure Mechanism within Soil Mass
(Contd.)

In case of footing, the compressive stress at its
base due to applied load from column causes the
soil immediately below the footing a tendency to
move in the outward and upward directions.

Thus, the failure line will follow the inclined resultant
path causing slippage or shear along this surface,
Fig. 6.2(a). Failure mechanism is also illustrated in
Fig. 6.2(b). The applied compressive load
eventually causes the soil to fail in shear in a
rupture surface.



ohear strength or
Soll

6.1 Shear Failure Mechanism within Soil Mass
((‘,nnfr*l \

Appliedload

Overburden pressure

70 Lowest |
shear

Soil Wedge zone (active zone) surface

Fig. 6.2 (a)Failure mechanism in soil mass due to footing
loading.
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Soll
6.1 Shear Failure Mechanism within Soil Mass

(Contd.) T

STRIP FOOTING

.l
1 A

\ \ Shear Stress, T / /
\\“ e e / Shear Resistance, T;

The soil grains slide over

each other along the failure _
surface At failure, shear stress along

the failure surface (r) reaches
the shear strength (t;).

Fig. 6.2 (b) Failure mechanism illustration for strip
footing.

8
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6.1 Shear Failure I\Pec%lanism Within Soil Mass
(Contd.)

Some examples of shear failure are illustrated in
Figs. 6.3. Application of shear strength are

"|il.l\ |
2} fa = ) VAL =
A J ? . 'e 5 UL X 'i""'i |
w I b

{1

S Shear faiiure of soll  Gg
g e . L n R

TYPES OF 50IL
FAILURE

Fig. 6.3
Examples of
some common
shear failures.

9

-

.| Shear failure of soil RIS FER a0
. P! - e
Sy O 78 i T
O e e )
J. - ri
: .;.-|-.'. i (]

Shallow slope stability failure

E.- “": : =




ohear strength or
Soll
6.1 Shear Failure Mechanism Within Soil Mass
(Contd.)

When the ground surface is
inclined, gravity produces large
geostatic stresses in the soil or
rock.

If the stresses exceed the shear
strength, a landslide occurs

Fig. 6.4 (a) Application of shear strength in stability of earth
slope .

10



Shear Strength of
Soil

6.1 Shear Failure Mechanism Within Soil Mass

(COntd . ) Load from a structure are transferred
to the ground through structural
foundations

This produces compressive and shear
stress in the nearby soil.

If the shear stress exceed the shear
strength, thus producing a shear
failure.

This is known as bearing capacity
failure and can cause the structure to
collapse

Fig. 6.4 (b) Application of shear strength in stability of
structural foundation. 11



Shear Strength of
Soil

6.1 Shear Failure Mechanism Within Soil Mass
(Contd.) | o

The weight of soil behind a
retaining wall produces shear
stresses

Its shear strength resists some of
this stress and the wall resists the
rest

Retaining walls

Thus, the load carried by the wall
depends on the shear strength of the
retained soil.

Fig. 6.4 (c) Application of shear strength in stability of
retaining wall. 12



Shear Strength of
Soil

6.1 Shear Failure Mechanism Within Soil Mass
(Contd.)

Tunnels in soil or weak rock normally
require linings of steel or concrete for
support

Such linings must resist pressures
exerted by the surrounding ground,
thus keeping the tunnel from
collapsing.

| Tunnel linings

Fig. 6.4 (d) Application of shear strength in stability of tunnel
lining.

13
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Soll
6.1 Shear Failure Mechanism Within Soil Mass
(Contd.)

Wheel loads from vehicles spread
through the pavement and into the
ground below.

These loads produces shear stresses that
could causes a shear failure.

Highway pavements

Fig. 6.4 (d) Application of shear strength in stability of
highway pavement.

14
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Soll
6.1 Shear Failure Mechanism Within Soil Mass

(Contd.) | |
The shear strength of a soil can be described as

Its maximum resistance to shearing stresses.

When this strength is exceeded, failure occurs
along planes in the soil mass called slip surfaces.

The sliding capability of a soil, while to support a
loading from a structure or to support its own
overburden or to sustain a slope in equilibrium, is
called shear strength of soill.

15
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Soil
6.2 Importance of Shear Strength in Soll

In ml\é\lr?frc}?mecssoil mechanics problems, the shear

strength of the soil emerges as one of the most
important characteristics, for design and analytical
purposes. Examples are:

1 Foundation design

Earth and rockfill dam design
Highway and airfield design
Stability of slopes and cuts

i W H

Lateral earth pressure

16
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6.3 Influencing Factors of Shear Strength of

As s&lomhass is a complex material formed naturally in
an uncontrolled environment, shear strength of a soil
cannot be interpreted in a simple manner. Soil can

ex
fie

nibit significantly different shear strength at various
d conditions. The important influencing factors are:

-Heterogeneous nature of soil

ne water table location and moisture contents
ne drainage facility involving pore water pressure

ne type and nature of construction

e Stress history
e Structural disturbance of soil

* Chemical action

17
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6.3 Influencing Factosrglg)f Shear Strength of
It is %RHerstood that unlike any other solid mass
where one or more straight forward strengths
properties (like tension, compression, shear,
flexural, torsional etc.) are considered design
factors, soil being a particulate material shear
strength is the sole strength consideration, Fig.
6.5. However, shear strength of soil is a
complex phenomenon involving the interrelated
influencing factors mentioned above and that
needed to have clear in views of each of them. In
particular, the presence water in the voids of soll

mass makes shear strength a real complex.,
Y\h AAAAAAAA



Shear Strength of

Strength of Diég% t Materials

Stl[ﬂl Cnniitrele Soil
Tensile Compressive Shear
strength sirength strength

P “Presence of pore wnt{;_l_'x'"“xl

. - o
omplex e
behavior

. Complexity of shear strength of soil.

19
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6.3 Influencing Fact§9i!)f Shear Strength of

Whilé&Scninparing shear strength of soil with that of other
solid engineer materials, the following distinctions are to
be made.

Solid Engineering Materials

 Shear strength is controlled by their molecular
structure.

« Failure requires the breaking of molecular bonds that
hold the material together. Thus, steel has a very
strong molecular bond having high shear strength.
Plastic on the other hand has a weaker molecular bond
resulting in low shear strength.

Soil Mass

« Shear strength primarily depends on interaction
between the particles. not their internal strenath.




Shear Strength of
. Sall |
6.4 Attributes of Shear Strength of Saill

The shear strength of soil may be attributed to
three basic components, Fig. 6.6:

1 Resistance due to interlocking of the particles.

J Frictional resistance between the individual soll
grains, which may be either of the sliding or
rolling frictions or the both.

1 Adhesion between soil particles called

CQOfHal StFass acting
on the sliding plane ~r~_ . &) = Interlocking height to
@ overcome during rolling &
A VR I A sliding
Friction & cohesion along Fig. 6.6: Interlocking,

the sliding plane friction & cohesion of soil.



Shear Strength of

Sail
6.4 Attributes of Shear Strength of Soill

* First two sources are mainly responsible for
the shear strength of granular soils.

* Second and third ones are for the cohesive
solls.

* Whereas, third one is only responsible for
shear strength of highly plastic clays.

It iIs neither easy nor practical to distinguish
clearly the effects of these components on the
shear strength of the soil, as these are in turn

infhihianrcrad hyy Mmanyy naante



Shear Strength
Soil

of

6.5 Basic Aspects in Understanding Shear

Strength of Soill

* Friction between solid bodies.
* Cohesion between the soil partic

* Stresses on the planes passing t

es.

nrough a point

represented by Mohr Circle diagram.

23



Shear Strength of
Soil

6.5.1 Friction between Solid Bodies

This is similar to classic sliding friction problem
from basic physics or mechanics.

3 A block of weight, W is placed on a horizontal
plane having frictional interface, Fig. 6.7.

d The forces acting on the block, Fig. 6.7a, are
gravity and the reaction of the plane.

a Although a friction resistance is available, it
does not come into play since there is no
horizontal force applied to the block.

24



Shear Strength of
6.5.1 Friction between gOhd Bodies

m

Fig. 6.7 lllustration of
frictional forces. (a)
Development of no friction;
(b) Development of friction;
(c) Friction impending
motion; (d) Friction with
motion.

25




Shear Strength of

Ol
6.5.1 Friction between Solid Bodies

@ Now, a horizontal force P,is applied to the block,
Fig. 6.7b. If P, is small, the block will not move; the
resultant R, makes an angle @« commonly known
as angle of obliquity of force P;.

O For equilibrium, a resisting horizontal force F;
must exist to balance P;. The angle « is less than
the maximum angle available, for the maximum
horizontal force, known as angle of friction, ¢. In
Figure, N is the component of the weight normal
to the plane.

26
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Ol
6.5.1 Friction between Solid Bodies

© Now the horizontal force is increased to P,, as
shown in Fig 6.7c, the friction force also increases to
a value of F,.

O It reaches to a maximum value when the angle of
obliquity, a is equal to the angle of friction, ¢. At this
point, a state of impending motion exists.

O For the range of value 0 < a < ¢, no sliding occurs.
At this point, the maximum available frictional force
F can be related to the normal resisting force by a
coefficient 1 as given by Eq. (6.1).

F = ﬂN (6.1) 27



Shear Strength of
Soll

6.5.1 Friction between Solid Bodies

@ The coefficient of friction u is independent of contact
area. It is, however, strongly dependent on the nature of
the surface in contact, the type of material, the condition
(wet or dry) of the surface and so on.

Q If the horizontal force is increased to a value of P; as

shown In Fig. 6.7d, such that the angle «a Is greater than
@, the block will start sliding.

Q The frictional force can not exceed the value given by
F = uN, and therefore the block will accelerate in the
direction of applied horizontal force. Fig. 6.7c shows that
u = F/N = tan @, which also means that ¢/7 = tan ¢.
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Factors influence friction angle (¢)

Mineralogy @ Organic Material

(1) Mineralogy — Soil includes many different minerals. The friction angle in
Sands of pure quartz is typically 30 - 36°. However, the presence of mica given
smaller ¢’.

(2) Shape — angular particles is much higher than rounded ones

(3) Gradation — Well graded soil have more interlocking between particles than
poorly graded

(4) Void ratio — decreasing the void ratio (eg. by compaction) increase interlocking
and give higher ¢’.

Organic material — the presence of organic material will decrease the friction
angle.
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The soil mass consists of granular materials.
There exists two forces namely, body force and

Van der Wall force, between two bodies which
usually govern the properties of granular mass.

The body force is wusually referred to as
gravitational force where the mass of the bodies

IS predominant and larger particles are influenced
by this force.

Whereas, Van der Wall force is due to electrical
surface charges and a bonding between the
particles occurs in presence of water which helps

tA Ananarata variniiec ~chamicecal heandina s mona thoe
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This adhesion due to bonding is known as
cohesion for soil.

In case of smaller soil particles the specific
surface area (area per unit mass) is significantly
higher as compared to the coarse grained soil.

As the electrical charges and hence the Van der
Wall force are directly proportional to surface
charge, the property of fine grained soil is
governed by cohesion of the soil.

The body force here is insignificant because of
their smaller mass weight.
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Similar thing happens to coarse grained soil; the
Van der Wall force here has a very small influence.

It is possible to make a vertical cut in silts and clays
and for this cut to remain standing, unsupported, for
some time.

This cannot be done with a dry sand which, on
removal of the cutting implement, will slump until its
slope is equal to an angle known as the angle of
repose.

In silts and clays, therefore, some other factor must
contribute to shear strength.

This factor is called cohesion and results from the

- 4 4 £~ ¥ ' wngyg =& 4 @ g
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6.5.2 Concept of Cohesion
Water in a cohesive soil cannot drain quickly and
so the soil is claimed to be in an undrained state,
and the undrained cohesion is providing strength
to the soll.

This cohesion parameter Is also dependent on
stress history that is mode of formation of soil
deposit.

In soils like over-consolidated clays, partially
saturated soils and cemented soils, the individual
particles are bonded together giving rise to
cohesion. As such, this parameter can be viewed
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Factors influence cohesive strength (c¢)

Negative excess pore water
pressures due to dilation

Negative pore water
pressures

Cementation Electrostatic

Cementation — Chemical bonding due to the presence of cementing agents (C,CQO,,
Fe,0,)

(2) Electrostatic — can hold particles together, forces very small

(3) Negative pore water pressures — presence in soils above ground water table. Example,
moist unsaturated sands can stand in vertical cut

(4) Negative excess pore water pressures— some soil tend to dilate or expand when sheared.
Dilation draws water into voids. When the rate of shearing is rapid than the rate at
which water can flow, large negative excess pore water pressures can develop in the soil




ohear ostrengtn of
ool
6.5.3 Mohr's Circle of Stresses
According to principles of mechanics, due to
external loading both normal and shear stresses
act on any planes passing through a point. Once
the stresses on two orthogonal planes passing
through a point are known, they can be used to
determine the stresses acting on any planes

passing through that point at any other
orientation.

These stresses may be determined both by (i)
analytically using the principles of mechanics or
(i) by graphically using a diagram given by Mohr
and commonly known as Mohr's circle ofs
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6.5.3 Mohr’s Circle of Stresses
The graphical device is based on identification of a
unique point on a circle called the Pole of Mohr's
circle or origin of planes.

This point has such a useful property that “any
straight line drawn through this point (pole) will
intersect the circle at a point which represents the
state of stress on a plane inclined at the same
orientation in the space of the line.”

Thus, once pole is identified, a line parallel to the
plane of interest can be drawn through pole that will
intersect the Mohr circle at a point that gives thg
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6.5.3 Mohr’s Circle of Stresses

Bhe Mohr's circle is drawn in a 0 — 7 (normal stress —
shear stress) plane using the normal stress (o) and
shear stress (7) values acting on two orthogonal planes as
two coordinates on the ¢ — 7 plane. The line connecting
these two points will act as the diameter of the Mohr's
circle. The following sign conventions are used in drawing
Mohr’s circle diagram.

v The compressive normal stress is considered as
positive and tensile stress as negative.

v The counter-clockwise shear stress is positive,
while clockwise shear is negative.

37
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6.5.3 Mohr’s Circle of Stresses
Fig. 6.8 illustrates the construction of Mohr's
circle diagram and the procedure will follow. The
letter “P” is typically used to identify Pole on the
Moht Oy

T, :
D &

P i--.-..- L

; M(Gy,-Tyx)
,_I_ Pole, P

(a) (b)
Fig. 6.8 Illugtration of Mohr’s circle: (a) Stresses on

orthogonal planes; (b) Mohr’s circle and its pole
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. Procedures of Construction of Mohr’s Circle

1. Points R (o, 7y, ) and M (a,, —7,, ) are located on the
“g vs. 1" space (Fig. 6.8a).

2. Line RM is drawn which is the diameter of the Mohr’s
and accordingly Mohr circle is constructed.

3. To locate pole, a line MP through Point M (cry. —r},x)

which is parallel to the plane on which the stresses of
Point M act. It will be a horizontal line from M to P (Fig.
6.8b) because o, and —7,, act on the horizontal plane

DC.
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. Procedures of Construction of Mohr’s Circle

4. Similarly, a line RP through Point R (o,,7,,) is drawn

parallel to the plane on which the stresses of point R act. It
will be a vertical line from R to P (Fig. 6.8b) because o, and
T,y act on the vertical plane BC.

9. As per the basic principles of geometry, the intersecting point
P of lines MP and RP will lie on the circumference of the
circle as ZRPM s a right angle and RM being the diameter
of the circle.

6. Intersection point P is the Pole of the Mohr’s circle, Fig. 6.8b.

1. Aline PQ is drawn from P, that is parallel to the plane EF. The
coordinates of Q, are the stresses (a,,, T) acting on plane EF.
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. Mohr’s Circle Diagram used in Soil Mechanics

Within the soil mass beneath the foundation generally there
are basically two types of stresses like vertical (o,) and
induced lateral (o},) are acting due to external loading and
overburden pressure, Fig. 6.9a. They act on horizontal and
vertical planes respectively, and termed as principal
stresses.

The Mohr’s circle for these conditions are drawn in Fig. 6.9b.
The stresses on any plane at an orientation(angle 6) can be
obtained from the Mohr’s circle diagram as indicated by the
coordinates of point Q (o,,, 7), Fig. 6.9b.

It can be observed that the Mohr’ circle thus constructed is
symmetrical about o —axis like a mirror image, Fig. 6.9b. =«
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Oy (= oy)

D &

— q———(jx
T (= op)
ALE 9 B

(a) (b)

Fig. 6.9 Mohr’ Circle diagram for principal stresses
only. 42
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6.5.3 Mohr’s Circle of élresses
Mohr's Circle Diagram In Soil Mechani

Corresponding to each points on the circumference of the
circle above o — axis, there is a point opposite below the
o — axis indicating exactly the same values of normal and
shear stresses, but with the opposite sign of shear. This is
illustrated by points Q(o,, 7) and T(o,,, —7 ) in Fig. 6.9b.

In soil failure, only the magnitude of shear is important and
sign is not that important. The reason being, the failure will
Initiate on the weakest plane and It can be in any direction.
That's why in soil mechanics the consideration of positive
shear I1s enough that leads to construct half of the Mohr's
circle as illustrated in Fig. 6.10.
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GF (= ':'-v)

D C

— — Oy
T (= op)
E §
A B

(a) (b)

Fig. 6.10 Mohr’ Circle diagram as used in Soil
Mechanics. 4



Shear Strength of

Soll
6.5.3 Mohr’s Circle of Stresses
. Analytical Method

To obtain the Mohr-Coulomb failure line (and thus the
values of the shear strength parameters c’and ¢’), it is
normal practice to make use of a graphical construction
known as the Mohr circle of stress. This can be explained
by analytical method as well. Mohr’s circles are widely
used in stress analysis, and the explanation given here is
limited to their use in soil mechanics. Let us consider the
state of stress on an element within a body where the
major principal stress and minor principal stress act in
the vertical and horizontal directions, respectively.
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GF (= Uv)

D C

— — Oy
T (= op)
A E B B

(a) (b)

Fig. 6.11 Mohr’ Circle diagram as used in Soil
Mechanics. 4
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o Analytical Method

This is illustrated in Fig. 6.11 and corresponds to the
stress state in a triaxial test. It is intended to know the
stress state on any other plane at an angle a to the
horizontal since failure cannot occur on either the
vertical or horizontal plane. There will be a normal
stress o,, and a shear stress 7 on this plane, Fig. 6.11.

Considering the equilibrium of the element and Resolving
parallel to the inclined plane yields

Ta + ozasinf cos @ = g;acosf sinf (6.1)
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Analytical

Method

l

l

a1 ————

Fig. 6.12 Stresses on a element used to derive Mohr
circle equations.
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. Analytical Method

Thus,
T = (0, — 03)sin6 cos O
As sin260 = 2sinf@sinf

r = I%gin 26 (6.2)
Resolving normal to the plane gives,

0,a = 0,acosB cosf + ozasinf sinf
That is,

0, = 0,C0S°0 + 03sin“H
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. Analytical Method

Now, cos 26 = 2cos?8 — 1 and cos 260 = 1 — 2sin26

Rearranging gives,
On = . S~ COS 20 (6.3)

Now the Mohr’s circle shown in Fig. 6.13 is taken into
consideration. A line at angle 6 has been drawn from
point A to intersect the circle at point P. The magnitude of
OD and DP is to be examined. The horizontal axis
represents normal stress and the vertical axis
represents shear stress.
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. Analytical Method

By plotting the values of principal stress on the x axis, it
Is possible to determine the values of normal and shear

stress on any other plane.
(0B-04)

PD = CPsin 20 = > sin 26
That is,
7 =% in 26 (6.4)
Now,
(OA + OB)
OD =0C+CD = + CP cos 26

2 51



Shear Strength of
Soll
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Shear stress

-}

Analytical
Methee -

Normal stress C D B

e

Op

01

Fig. 6.13 Mohr's circle of stress
(Analvtical).
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. Analytical Method
Hence,
o, = (Jl;rgg) + wl;gg} cos 26 (6.5)

These equations, Egs. 6.4 and 6.5, are identical to those
above (Egs. 6.2 and 6.3) for the stresses o,, and 7 derived
from the equilibrium analysis. Thus the distance 0D gives
the value of o,, and DP gives the value of 7 on a plane
inclined at angle @ to the horizontal. This gives a simple
graphical method for plotting the results of triaxial tests.
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It has been stated that the maximum shearing
resistance is developed when the angle of obliquity
equals its limiting value, ¢. For this condition the line
OD in Fig. 6.13 becomes a tangent to the stress circle,
inclined at angle ¢ to axis 0X.

An interesting point that arises from Fig. 6.13 is that the
failure plane is not the plane subjected to the maximum
value of shear stress. The criterion of failure is
maximum obliquity, not maximum shear stress.
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. Limit Conditions of Mohr’s Circle of Stresses

The plane AE in Fig. 6.13 is subjected to a greater
shear stress than the plane AD, it is also subjected to

a larger normal stress and as such angle of obliquity is
less than on AD, which is the plane of failure.

Failure shear
siress

T
E
Maximum shear
stress
P

0 A T
Fig. 6.13 Limit conditions of Mohr’s circle of 55
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6.5.3 Mohr’s Circle of Stresses
o Strength Envelopes

If ¢ is assumed constant for a certain material, then
the shear strength of the material can be represented
by a pair of lines passing through the origin, O, at
angles +@and —¢ to the axis OX (Fig. 6.14). These
lines comprise the Mohr strength envelope for the
material.

In Fig. 6.14, a state of stress represented by circle A is
quite stable as the circle lies completely within the
strength envelope. Circle B is tangential to the
strength envelope .

56



oShear strength ot

. S?il
6.5.3 Mohr’s Circle of Stresses
. Strength Envelopes

Circle B represents the condition of incipient failure, since
a slight increase in stress values will push the circle over
the strength envelope and failure will occur. Circle C

cannot exist as it is beyond the strength envelope.

l\ Kj /" Fig. 6.14 Mohr

' strength envelope.
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. Relationshi tween n
In Fig 6.15, £DCO = 180° — 26

In triangle ODC,

Now, 2DOC = ¢, £0DC = 90°, £0CD = 180° — 260
These angles summate to 180° — 26

That is, ¢ + 90° + 180° — 26 = 180°,

Hence, 0 = §+ 450 (6.6)
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Relationship between ¢ and 6

20

Fig. 6.15 Relationship between ¢ and 6.
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6.6 Failure of Soil I@é&'&l Stress Strain

| | Relations o
In soils, failure occurs as a result of mobilizing the

optimum (not maximum) shear stress the soil can
sustain, so an understanding of shear strength is
fundamental to the behaviour of a soil mass.

The shear strength of the soil, allied with a
particular method of analysis, will determine the
ultimate (failure) load which can be applied on a
foundation resting on soil, or the ultimate force
required to cause failure of a soil mass forming a
slope. Shear stresses in a soil mass are only
produced when shear strains can occur, so placing
a foundation load on a soil mobilizes the available,
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6.6 Failure of Soil Md38: Stress Strain

_ ~_ Relations _ _
Strictly speaking, it is the shear strain, y, which produces

shear stress, 7 (or vice versa), but this is not easy to
determine, in situ or in laboratory tests, so direct strains,
¢ or just displacement 6L, have to be used.

A typical stress-strain curve is shown in Fig. 6.16. As shear
stress is applied the soil structure distorts. Initially, this
distortion is proportional to the stress applied and if the
stress is removed the distortions are recovered. These
distortions are probably associated with small rotations at
the numerous particle contacts and some elastic
compression of the particles themselves. The soil in this
region is said to behave in an elastic manner.
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6.6 Failure of Soil Md38: Stress Strain
Relations

P Y - yield
P — peak strength

U — ultimate strength

C — critical state strength
R - residual strength

dense sand, stiff clay

clays

e~

Y loose sand. soft clay

-
-

Strain €

Fig. 6.16 Stress strain diagram of
soll.
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| Relations | |
At a certain stress level, depending on the soll

type, the soil structure will deform in a plastic
manner by rearrangement of the particle
locations. Strains from this point (yield point; point
Y in Fig. 6.16) will comprise both elastic and
plastic components but the plastic strains will not
be recovered on removal of the stress since the
soil particles have moved Into a new
arrangement.

As the soll is strained or 'worked' further additional
shear stress can be sustained due to a process
described as work-hardening. 63
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Relations
In dense sands and stiff overconsolidated clays,

this would be due to expansion of the mineral
grain structure (dilatency) as more stress is
required to achieve further strain.

After reaching a peak shear stress these soils
typically display work-softening since strains
beyond this value are being applied to a soll
structure which has been weakened. This
phenomenon would also apply to a soil which has
developed cementation or chemical bonding since
deposition.
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Relations
A reduction of strength beyond a peak value is

the brittleness; some materials such as sensitive
clays and 'collapsing’ soils will suddenly crush or
collapse due to breakdown of interparticle bonds.

For loose sands and soft normally consolidated
clays work-hardening would commence at much
lower stress and strain levels as shearing occurs
making the structure progressively more able to
support more stress. These materials do not tend
to display a peak value followed Dby
work-softening or brittleness.
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6.6 Failure of Soil Md38: Stress Strain

. Relations _ _ _
igure 6.16 shows that choosing the point at which soil

has 'failed’ requires a definition. This could be:

[1] Yield - If the soil is stressed any further beyond the
point Y on Figure 6.16 the strains and movements of the
earth structure (foundation, slope etc.) will be so large
that they could be considered to have failed. The quantity
T represents a yield stress.

2] Peak Shear Strength - this is the maximum shear
stress which can be sustained. It may be dangerous to
rely on this value for some brittle soils, due to the rapid
loss of strength if the soil is strained beyond this point.
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6.6 Failure of Soil Md38: Stress Strain
Relations

[8] Ultimate Strength - for loose sands and soft clays
work-hardening may continue to increase the shear
stress that can be sustained, even at very large
strains so a maximum strain limit must be imposed,
usually related to the performance of the earth
structure, say 10-20% strain, point U on 6.16.
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Relations

4] Critical State Strength - this is sometimes referred
to as the ultimate strength. After a considerable amount
of shear strain, a soil may achieve a constant volume
state (by the soil structure expanding or contracting)
and it would continue to shear at this constant volume
without change in volume or void ratio.

These shear strains must be uniform throughout the soil
and not localized. It is sometimes referred to as the
constant volume strength (¢_,).
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Relations
[6] Residual Strength- After a considerable amount of strain
on a single slip zone or surface (point R on Fig. 6.16) the
particles on either side of this surface may rearrange to
produce a more parallel orientation and that may produce the
lowest possible strength or residual strength. This strength is
very important in the reactivation of old landslides and is
more significant for platy minerals (e.g. clays). Friction
between the surfaces of particles where they are in contact
with each other is related to the effective stress and is
represented by the angle of interparticle friction, ¢,. This

friction forms the basis for the above obhserved shear
strengths, the differences being produced by rolling friction
and dilatancy. 69
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6.7 Failure Theories: Types of Failure
A material is considered failed when a permanent
or non-recoverable deformation occurs. There is
either direct separation of particles as in case of
brittle materials or slipping of particles as for ductile
materials where plastic deformation also takes
place.

Design of any structural element is based on the
hypothesis that the material will not yield during the
expected loading conditions. For uniaxial loading a
structural element will be safe as long as the stress
produced by the load is less than the yield stress of

the material. In case of biaxial or triaxial Ioadin%
cevetem it i not no<s<ibhle to oredict directlv by the
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A tension test of an axially loaded member is easy
to conduct, and the results, for many types of
materials, are well known. When such a member
fails, the failure occurs at a specific principal stress
(i.,e., the axial stress), a definite axial strain, a
maximum shear stress equal to one-half of the
axial stress, and a specific amount of strain energy
per unit volume of stressed material.

Since all of these Ilimits are reached
simultaneously for an axial load, it makes no
difference which criterion (stress, strain, or energy)
IS used for predicting failure in another axially
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For an element subjected to biaxial or triaxial
loading, however, the situation is more
complicated because the limits of normal stress,
normal strain, shear stress, and strain energy
existing at failure are not reached simultaneously.

In other words, the precise cause of failure, In
general, is unknown. In such cases, it becomes
important to determine the best criterion for
predicting failure, because test results are difficult
to obtain and the possible combinations of loads
are endless.
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Several theories have been proposed for predicting

failure of various types of material subjected to
many combinations of loads.

Unfortunately no single theory agrees with test data
for all types of materials and all combinations of
loads. Several of the more common theories of
failure for both ductile and brittle material are listed
below.
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6.7 Failure Theories: Types of Failure
Ductile Failure: The material continues to stretch
linearly until the vyield stress of the material is
reached. At this point the material begins to behave
differently. Planes of maximum shear exist in the
material at 45°, and the material begins to slide
along these planes.

Brittle Failure: Brittle materials tend to fail suddenly
by fracture, with little evidence of yielding; therefore,
the limiting stress appropriate for brittle materials is
the fracture stress (or the ultimate strength) rather
than the vyield strength. Furthermore, the tensile
strength of a brittle material is often different from’its
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For Ductile Materials

d Maximum Shear Stress Theory
(Tresca Theory)

d Maximum Strain Energy Theory
(Haigh’s Theory)

a2 Maximum Shear Strain (Distortion) Energy
Theory (Von-Mises or Von-Mises-Hencky Theory)

Brittle Materials

ad Maximum Normal Stress Theory
(Rankine Theory)

3 Mohr Failure Theory
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| TheorP/ o |
It is understood that soil is neither a purely ductile

or nor a purely brittle material. However, its
significantly different tensile and compressive
strengths resembles it closer to brittle material and
the theory of Mohr along with the hypothesis of
Coulomb may be considered sufficiently accurate
for soil engineering purposes.

More so, their theories were modified to take into
account the effect of pore pressure on the shear
strength. Over the years various vyield theories
have been proposed for soils.
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6.7.1 Mohr Coulorﬁ@ﬂailure
Theory

The best known failure are: the Tresca theory, the von
Mises theory, the Mohr-Coulomb theory and the critical
state theory.

The Mohr-Coulomb theory does not consider the effect
of strains or volume changes a soil experiences on its
way to failure; nor does it consider the effect of
intermediate principal stress, o, . Nevertheless
satisfactory predictions of soil strength are obtained. As
it is simple to apply, the Mohr-Coulomb theory is widely
used in the analysis of most practical problems which
iInvolve soil strength.
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6.7.1 Mohr CoulontHailure

Theory
The Mohr strength theory is really an extension of the

Tresca theory, which in turn was probably based on
Coulomb’s work - hence the title. The theory assumes
that the difference between the major and minor
principal stresses is a function of their sum, i.e.
(o0, — 03) = [ (07 + 03). Any effect due to o, is ignored.

A typical example of a Mohr circle diagram is shown in
Fig. 6.17. The intercept on the shear stress axis of the
strength envelope is the intrinsic pressure, ie. the
strength of the material when under zero normal stress.
This intercept is called cohesion in soil mechanics.
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6.7.1 Mohr Coulorr%qilailure
Theory

Fig. 6.17 Mohr circle
diaaram
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6.7.1 Mohr Coulon®®Hailure
Theory

(01-03)
DC 2 0q1—03

K+(c:-‘1+crg) 2K+0,+04

In Fig. 6.17, sin @ =

Hence, 0, — 03 = 2K sinp + 2K (0, + 03)
Now, K = ccot ¢
= (0, —03) = 2ccos@ + (o, + 03) singp

The equation can be expressed in terms of either total
stress (as shown) or effective stress:

(6'y —0'3) =2ccos@p’ + (6';y +d'3)sing’
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6.7.1 Mohr Coulorﬁl@ﬂailure
Theory

T Coulomb Mohr
Failure Line

\s.

;A\,
Compression
— " Test

o

Tension Test

Actual Stress

Coulomb Mohr
Failure Line

Fig. 6.18 lllustration of Coulomb-Mohr’s "
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6.7.1 Mohr Coulomt®Hailure
Theory
Mohr’s theory suggests that failure occurs in a material
whenever Mohr’s circle for the combination of stresses at
a point in a body exceeds the “envelope” defined by the
Mohr’s circles for the tensile and compressive tests, as
shown in Figs. 6.18.

Coulomb (1776) suggests that soil fails because the
strength provided by interparticle friction and cohesion is
exceeded by the applied shearing stress on the slip
surface. The stresses acting on the surface, inclined at an
angle « to the horizontal, are shown on Figs. 6.18.
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6.7.1 Mohr Coulon®®Hailure
Theory

It can be seen that the shear resistance offered by a
particular soil is made up of the two components of
friction and cohesion.

Frictional resistance does not have a constant value but
varies with the value of normal stress acting on the
shear plane, whereas cohesive resistance has a
constant value which is independent of the value of o,,.
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6.7.1 Mohr CoulontHailure

Theory
In 1776, Coulomb suggested that the equation of the

strength envelope of a soil could be expressed by the
straight line equation relating the parameters cohesion
and friction as.

T=c+o,tan¢ (6.7)

Where, 7 is the shear strength, ¢ and ¢ are shear

parameters known as apparent cohesion and angle of
internal friction.
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6.7.1 Mohr CouloiBiailure

eneralré Xpr e¥»sion for Shear Strength

The general expression for soil shear strength, used almost
universally in the world today, is

tors=c' + (o —u)tan¢’ (6.8a)
or,tors =c + o' tan¢g’ (6.8b)
Where,
T or s = shear strength or shearing resistance.
o = total normal stress on shear plane

u = pore pressure on shear plane
o' = effective normal stress on shear plane
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6.7.1 Mohr Coulomt®Hailure
Theory
Equation (6.7) is represented graphically in Fig. 6.17.
This equation often termed as Mohr-Coulomb failure
envelope.

Coulomb’s equation defines the shear stress in terms
of friction angle ¢ and the cohesion intercept c.

These are empirical constants only and depends on
the natural state of the soil as well as on the method
of testing.
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6.7.1 Mohr Coulom®Hailure

Thﬁﬁ)prﬁgnt Cohesion

This is caused by surface tension, acting at the ends of
the thin film of water between the contact surfaces of
fine-grained, moist soils.

The apparent cohesion disappears if the soil is flooded
or completely dried. This is why sand particles stick
together, whilst partially saturated. Soils are often
referred to as:

= ¢ — soil or cohesionless soil, whenc = 0

= ¢ — soil or cohesive soil, when ¢ = 0

= ¢ — @ soll when neither @ nor c Is zero.
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6.7.2 Factors Influen§l%II Shear Strength and

Parameters c and @

 Drainage Condition — Undrained and drained
condition

e Soil Composition - mineralogy, grain size and grain
size distribution, shape of particles, pore fluid type
and content, ions on grain and in pore fluid.

 |nitial State - State can be described using terms
such as: loose, dense, over-consolidated, normally
consolidated, stiff, soft, etc.

e Structure - Refers to the arrangement of particles
within the soil mass; the manner in which the
particles are packed or distributed. Features such as
layers, voids, pockets, cementation, etc, are part of
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Soll
6.7.3 Drained and Undrained Condition
The terms drained and undrained are widely
used in soil mechanics and should be clearly
understood. The terms refer to whether or not
any movement of water occurs in the soil.
Whether the soil behaves in a drained or

undrained manner depends primarily on two
factors:

(@) The rate at which the load is applied
relative to the permeability and
compressibility of the soil.

(b) The opportunities that exist for water to,
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6.7.3 Drained and%ﬂ'&rained
Condition

Total vertical stress =0

Unit area

' =0—u

Fig. 6.19 Total and effective stress in a
<oil
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6.7.3 Drained and%ﬂl(!lrained

Condition
Soil skeleton—particle volume
. is unchanged, but particles are
gfot?]"ngrseosilslon pushed closer together
Soil skeleton _l_

h_____ S —— — — —

Voids containing Void volume is reduced and
water water squeezed out
(a) Undrained condition (b) Drained

Fig. G.fmﬁ’li}isqpation of undrained and drained
Conditions.
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6.7.3 Drained and®®i8rained

Condition
¥4 Water level
Fy —

H

w

Soil surface

Y
A

Soil unit weight = Yeqt

e

Y ™M

Fig. 6.21 Total and effective
stresses.
Ef fective stress, g’ =0 —u

= (VWHW + Vsat D ) — Yw (Hy, + D) = (]”sat - ]”w)D — ]’H‘g

D
Soil element
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6.7.3 Drained and®®i8rained
Condition

—

Fig. 6.22 Stress state on a shear
plane.
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Shear Strength of

6.7.3 Drained and®®i8rained
Condition =

w
)
j Note: Au is the pore pressure
= change caused by
i 4 | undrained shearing
.
o « | Undrained strength failure line
et —
vl © | - total stress Iplot
2= | | |
o
ol 8 & I | |
=2 | | |
Py 2 = IC I | |
o, ‘ g >{ Normal stress
- - |
f
- L] > - u =
o
- =

Fig. 6.23 Mohr-Coulomb representation of stress
state. 94
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6.7.4 Undrained Congltlon in Clay

When a building or an embankment load is
applied on a clayey ground, it is often assumed
that the entire load is applied instantaneously.

Clays have low hydraulic conductivity, hence soon
after the loading with very little time for any
drainage (i.e., short-term), it is fair to assume that
the clay is loaded under undrained conditions (Fig.
6.20).

Under undrained conditions, the clay is often
analyzed in terms of total stresses, without
worrying about the effective stresses and pore
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Shear Strength of
Soil
6.7.4 Undrained Condition in Clay

Here, no attempt is made to separate the stresses
carried by the soil skeleton formed by the clay
particles and the pore water.

The entire clay is treated as one homogeneous
material and the shear strength must be analyzed
accordingly.
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| SOl
6.7.5 Drained Condition in Clay

Drained condition occurs when there is change in pore
water pressure due to external loading. (Fig. 6.14)

After a long time of loading (i.e., long-term), the story is
different than a short term loading. The clay would
have fully drained, with no excess pore water
pressures, and the loading can be treated as drained
loading, where the analysis can be carried out in terms
of effective stresses.

There can still be static pore water pressures due to
the phreatic surface (i.e., water table). Similarly, if it is
known that the clay is loaded very slowly without any

buildup of excess pore water pressures, such
citiiatione can aleo he analvzed ac drained loadina in
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6.7.6 Drained and %(r)wlérained Condition In

Sandy Soil

In granular soils, where the drainage is always
good with little or no build-up of excess pore water
pressures, all loadings are under drained

conditions.
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6.7.7 Shear Strength%@djoarse and Fine

Grained Soils
In coarse-grained soils, the shear strength depends

largely on:
=  Surface roughness of the grains.
= Interlocking of grains and state of compaction.
= Magnitude of contact pressures.

= Adhesion in finer-grained wet soils due to thin
water layer between the contact points
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6.7.7 Shear Strength%@djoarse and Fine
Grained Soils

In fine-grained soil the shear strength is assumed
to be dependent largely on:

=  Water content of the soll
= Shape, size and packing of the particles

= Adhesion due to the thin fiim of water
between the contact surfaces
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|
6.7.8 Determinationscgéhear Strength
Parameters

1 Shear strength (its parameters ¢ and @) of soils

can be determined hoth in the laboratory or in the
field.

O The tests for studying the shear strength and
related deformation characteristics of soils
include the following list.
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6.7.8 Determinatioﬁ@“Shear Strength
Parameters

e Direct shear test e Torsion shear test

e Triaxial test * Ring shear test (double
shear)

* Hollow cylinder test

v/ Triaxial Compression

v Triaxial Extension
. Unconfined Plain strain test

compression test Cuboidal or true triaxial

e VVane shear test test
 Borehole shear test
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6.7.8 Determination@®®hear Strength

Parameters
Phe first three, direct shear, triaxial and unconfined

compression are the most common laboratory tests.
The fourth one, vane shear test, is in principle similar
both in the laboratory and in the field except that the
apparatus used in the field is larger in size for practical
reasons. The vane shear test is usually done to
determine the undrained shear strength parameter (c)
of saturated cohesive soil.
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6.7.8 Determination@®®hear Strength

Parameters
Direct Shear Test

The direct shear test is a simple and widely
used test. The direct shear apparatus is
essentially a rectangular or circular box having
separated lower and upper halves (Fig. 6.24a, b,
c & d). The lower half of the box is fixed to a
frame whereas, the upper section is capable of
moving horizontally relative to the lower one.

The soil sample is placed in the box, with
approximately half of the sample within either
section. The sample size is usually 60 mm

104
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6.7.8 Determination@®®hear Strength

Parameters
Direct Shear Test

In case of cohesive solil, prism of soil is either
prepared or taken from the undisturbed sample
using a cutter of similar dimension of shear box.

For cohesionless soil, the specimen has to be
prepared in the box at the required void ratio.
Porous disc may be placed on top and bottom of
the specimen to facilitate the drainage
conditions. A normal load is applied to the plane
of shear via a loading plate placed over the
sample (Fig. 6.24a).
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6.7.8 Determination@P®hear Strength

rarametors Direct Shear Test

Fig. 6.24 (a) Direct
shear test
apparatus.

106



Shear Strength of

6.7.8 Determination@®®hear Strength
Parameters

Direct Shear Test

Fig. 6.24(b) Direct shear apparatus: shear box and
accessories.
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6.7.8 DeterminationSxhibhear Strength

Parameters Direct Shear Test

I‘ﬁ'.{':’.-",‘;,._ il : !
Fig. 6.24(b) Direct shear apparatus: shear box and

accesenries
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6.7.8 Determination@P®hear Strength

rarametors Direct Shear Test

Pressure plate

(b)

Fig. 6.24(b) Direct shear apparatus: sand sample
preparation. 109
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6.7.8 Determination@®®hear Strength

rarametors Direct Shear Test

Porous plate Loading cap
Carriage Normal load Top perforated

plate /_ Loading yoke

-

I&oad fn::_rtn U';E;e; / /A 7 -':-j PR - Reaction from
IR N \ . | :I load ring

k\\'m S —— Split box

L
o () — e e (. v— ) — ) — o ) ce— ) T

S SN S
Lower perforated DA

Porous plate
s Base plate

Linear low friction bearing

Fig. 6.24 (c) Direct shear apparatus: Schematic
diagram. 10
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6.7.8 Determination@®Bhear Strength

Parameters  pyjroct Shear Test

Vertical
displacement dial

I

|

Normal Et}adl B
Shear displacementdial | L.___l\

Porous stone

Shear plane

Porous stone

______ =) Y
g B sample ﬂiﬁ

Shear force

oo o o o o o Rollers

Fig. 6.24 (c) Direct shear apparatus: Schematic

A:f\ﬂrﬂm

111



Shear Strength of

6.7.8 Determination@®®hear Strength

Parameters _.

Direct Shear Test
The upper half of the shear box is then moved
laterally forcing the sample to shear across the
plane between the two halves of the box either by
controlling rate of strain or stress.

In strain controlled apparatus, the shearing
deformation is continuously applied at a constant
speed and shear force is measured by means of a
proving ring or a load transducer. Such a test can
be continued even after the failure of the specimen.
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6.7.8 Determination@®Bhear Strength

Parameters Direct Shear Test

In stress controlled apparatus, the magnitude of
the shear stress is increased uniformly or in
Increments. Each increment is applied and held
constant until the shearing deformation ceases. A
stress controlled test can not be continued as soon
as the specimen fails.

Test procedure is repeated using at least three
iIdentical specimen with variable normal stresses. It
IS sometimes convenient to interpret the results, if
the normal stresses are so chosen that one is
closer to the existing effective overburden and the
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6.7.8 Determination@®Bhear Strength

Parameters Direct Shear Test

The magnitude of the shearing force is recorded
and the shear displacement is maintained to obtain
the peak shear stress (failure stress) from the
shear stress-strain plot for a particular normal load.
(Figs. 6.25a)

Changes in sample thickness that occurs during
the shearing process are also recorded so that the
volume change versus shearing stress or shearing
strain can be studied. (Figs. 6.25b)
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6.7.8 Determination®@®Bhear Strength

Parameters
. Direct Shear Test

The peak value of shear stress or the maximum value at
a relatively higher shear deformation (normally 15 per
cent) gives shear strength of the soil at a particular
normal load.

A best possible straight line is fitted to the observed
point to represent the failure envelope. The shear

strength parameters c’and ¢'is thus obtained from the
plot. (Fig. 6.25c¢).
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6.7.8 Determination@®®hear Strength

Parameters

Shear Stress 1

Fig

Direct Shear

Toact

-
p—
-

% ——
/ F . Residual

S Dense soils g, strength
I

'\ Medium dense soils

Loose soils

Shear Deformation Ay,

6.25a Typical direct shear test
results.
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6.7.8 Determination@®®hear Strength
Parameters

Direct Shear

+ve
= Volume increase Dense/ Stiff/ OC
E‘E —-___.-.--_'
E ',.ﬂ'""‘. H.‘.‘
|
© i Strain i
m — ,
g = =" Med. dense/ Med. stiff
E Y
o

Loose/ Soft/ NC
Volume decrease

|
®

Fig. 6.25b Typical direct shear test
results.
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6.7.8 Determination®®Bhear Strength

Parameters
Direct Shear

Test

Mormal stress

Shear stress, 7
|
|
|
|
|
i
|
|
|
|
|
|
|

5
|
|
|
|
|
i
|
|
|
|
|
|
|
|

Ll B R __N _E I N N N W I N N ! — I

Ga

Displacement a’T MNormal stress, g

Fig. 6.25c Typical direct shear test
results.
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6.7.8 Determination®@®Bhear Strength

Parameters
. Direct Shear Test

Usually, the drained strength parameters are obtained
from direct shear test. For granular soil the cohesion is
zero and the available strength parameter would be
only ¢'. For cohesive soil the parameter would depend
on the stress history (normally consolidated or
overconsolidated) of the soil. Similar to sandy soil

normally consolidated clay soil will have ¢’ = 0.
Overconsolidated soil will have a value of ¢ as indicated
in Fig. 6.27. Typical values of ¢’ for cohesionless soils
are shown in Table 6.1 and Fig. 6.28.
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6.7.8 Determination®®Bhear Strength

Parameters |
Direct Shear

>

Overconsolidated clay (¢’ # 0)

- -~ - Normally consolidated clay &
Sand (¢’ =0)

Shear stress at failure, T

Normal stress, ¢’

Fig. 6.26 Direct shear test results for sandy and
clayey soill.
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6.7.8 Determination®®Bhear Strength
Parameters

¥able 6.1 Typical values of ¢'for granular soil (after Terzaghi
and Peck, 1967)

Solil type Angle of internal friction,
¢'(degrees)
Loose Dense
Nonplastic silt 27-30 30-34
Silty sand 27-33 30-35
Uniform sand 28 34
Well graded sand 33 45
Sandy gravel 35 50
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6.7.8 Determination®®Bhear Strength
Parameters

Relative density, |

\ 1 !
1 -
-
-
I ,-F
-
-
T
-
-

>

Material class
(Unified system)

&

Effective angle of shearing resistance ¢'(°)
&

3%
ot

12 1I3 1I4 1i5 1iE 1l? 1I8 1!9 21[] 21 2:2 .'—'_"rS 24
Dry density (kN/m?)
Fig. 6.28 |ypical values ot density and angle of

internal friction of cohesionless soils. o
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6.7.8 Determination©P8hear Strength

Parameters
Direct Shear Test: Advantages and Limitations

Advantages and limitations of the direct shear test
include the following:

* |t is simple and quick test, and easy to perform.

* Failure occurs on a predetermined plane and not
on the weakest plane.

* Undisturbed samples are difficult to prepare.

°* Procedure of specimen saturation is arbitrary.

Cannot be ascertained about the achieved degree
of saturation of the soil specimen. 123
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6.7.8 Determination obStlear Strength

Parameters
Direct Shear Test: Advantages and Limitations

* For highly plastic soil complete shear may not occur on
the shear surface..

* Drainage cannot be controlled, so that undrained tests
are not possible.

* Drainage cannot be controlled, so that undrained tests
are not possible.

* Principal stresses are not known, especially the lateral
stress.

* Area of sample changes as the test proceeds, and area
corrections are indeterminate.

L y. N
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6.7.8 Determination obStlear Strength

Parameters Triaxial Test

The triaxial test is perhaps the most versatile and
sophisticated test for determining the shear strength
parameters of any type of soils.

Considering the mode of application of deviatoric
stress, laboratory triaxial tests are basically of two

types.
v Triaxial compression test, and

v/ Triaxial extension test
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6.7.8 Determination s»8Hear Strength

.Parameters Triaxial Test

In fact, in the field there are also three ways in which the
stresses are changed: by compression, extension and
direct shear. Thus, the question of triaxial compression
and triaxial extension comes in to picture, though triaxial
compression is the most common type of test.

With the first two that is compression and extension, the
shear stress is applied indirectly by changes in the
principal stresses (o, and oy, or o, and o3) while the
latter occurs where the shear stress Is applied directly.

— [N ] " - [ | —— P Y
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Parameters
Triaxial

- _ _ 1

External loading
I T J Y 1 ¥ |

-— Q)

Stress changes

o]

5.0,

o ) .
_"% Direct shear  Extension
T

Fig. 6.29 Stress changes within soill
maSS 127
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6.7.8 Determination®®Bhear Strength

Parameters |
Triaxial Compression Test

Triaxial tests constituents of three steps.
Step 1: Preparation of soil sample

Step 2: Saturation of soil sample (using cell
pressure and back pressure)

Step 3: Application of cell pressure (Loading stage
1 representing construction stage in the field)

Step 4: Application of additional load or deviatoric
load and shearing (Loading stage 2 representing
live load ).
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I:)arameterﬁ"riaxial Compression Test
The test procedure may be stated as follows.

3 A cylindrical soil specimen usually 38 mm in
diameter and 76 mm in length is prepared and
encased in a thin rubber membrane which
extends over a top cap and bottom pedestal.

d The specimen of other dimensions can also be
used provided that the length to diameter ratio
lies in between 2:1 to 3:1. Usually, three
specimens are wused for three loading
conditions (cell pressure).
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6.7.8 Determination®HBhear Strength

Parameters ;i) Compression Test

4

J

To facilitate proper drainage condition of the
sample, porous stones/discs and filter papers are
used at the edges of the sample.

For enhancing further drainage, a slitted filter
paper strip is also wrapped around the cylindrical
specimen prior to encasing it within the rubber
membrane.

The specimen assembly is then placed at the
base of triaxial setup within a cylindrical perspex
cell. The porous discs at the top cap and bottom
of the specimen are connected via nylon tubes
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6.7.8 Determination®HBhear Strength

I:)arameterﬁ"riaxial Compression Test

3 Another connection from cell to outside is
provided to facilitate cell pressure. A
photograph of triaxial test set up with soil test
specimen and accessories are shown in Figs.
6.30(a) and 6.30(b). A schematic diagram of
triaxial setup is shown in Fig. 6.30(c).

3 The prepared soil sample is properly placed in
the cylinder cell, the cell is then filled with water
via cell pressure control tube.

d The specimen is made saturated maneuvering
131
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6.7.8 Determination®HBhear Strength
Parameters

Triaxial Compression Test

A On ascertaining saturation of the specimen an all
around cell/confining pressure is applied. The cell
pressure is designated as o5.

O Then a vertical load commonly referred to as deviator
stress, Aoyis applied and steadily increased until the
failure of the specimen. Thus the normal stress in the
vertical direction at failure becomes, o; = 03 + Aogy;.

O The pore water pressure in the sample can be measured
through a porous disc at the base pedestal and
connected through a water filled duct to a pressure

trancrdurer 132
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Parameters .. .
Triaxial Compression

Fig. 6.30(a)
Photograph of
triaxial cell.
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Parameters L .
Triaxial Compression

i Base Adaptor
Nylon T_meg 5 Top Capﬁ Lateral Filter Papers
for Drainage

: Triaxial
O—Hlpg Specimen
Placing Tool

Rubber\
Membrane

s
Strecher

o

O- Ring &—

Fig. 6.30 (b)
Triaxial

compression test
\ specimen and
ccessories.

Porous Discs ‘Rubber Membrane
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Triaxial Compression
} Load, P Test

Loading piston
Perspex cell

- Water
q& E O-ring seal

Rubber membrane

+——E~ Soil specimen
Porous disc Flg 630(0) A

Cell
Pressure I "
ek | . B sghgmatlc dlagra.m of
2 Wz | triaxial compression

. ,
Back pressure Volume change  test set up. -
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6.7.8 Determination dbBHear Strength

Parameters __ . . .
Triaxial Compression

@ To minimize friction atlﬁ@jup and bottom of sample
and to allow an unrestricted lateral deformation during
shear, greased rubber discs are placed between sample
and end caps.

O The procedure is repeated for two other identical test
specimens using different confining pressures and
corresponding deviator loads are recorded. A Mohr's
circle for each combination of confining pressure (o3),
and total axial stress (o3 + Ao = oy) is constructed.
The tangent to the resulting circles becomes the Mohr
envelope. They are illustrated in Figs. 6.30(a) 6.30(b). 1
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Parameters  1.,.i0 Compression

T L

T34, F37, T3z represents dfor specimen 1, 2 & 3 respectively

1. Tz, T3 represents o for specimen 1, 2 & 3 respectively
G1
l Failure envelone

3 ’ — 03
G31 033033 Oy Opp Oy

O1
(a) (b)

Fig. 6.31 Triaxial test; (a) Representation of stressed
specimen; (b) Mohr's circle and failure envelope.
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Parameter L .
arameters - Triaxial Compression

The triaxial test can bel@8hipulated to represent
reasonable insitu conditions. The apparatus is
designed to allow;

= Control of confining pressure and deviator
stress

= Control of pore water pressure and drainage of
water to simulate undrained and drained
conditions

= Saturation of soil sample

As such, a wide variety of tests are possible using
triaxial testing apparatus especially to depict insitu
loadina and drainage conditions. as illustrated in Fia.
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ram r . . .
Paramete “Triaxial Compression Test:

LOADING STAGE 1 LOADING STAGE 2
Under All Around Cell Pressure, o4 During Shearing (Loading, Ag)

Consolidated Unconsolidated Undrained

Sample Sample Loading Loading

CU Test

Fig. 6.32 Types of triaxial test depicting drainage and Ioadig
conditions.
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Parameters
Triaxial Compression Test: Spring

Analogy of Drained and Undrained

3 Qondltlons
|| |7 a | 3
\ };, 777 O -
< i - k ks
= ? = - v =
f .'; ["'-
(1) 2; (3) 4)

1. Initial Condition before the application of load; uw = 0
2. Immediately after load application; t=0; ¢ = u

3. Whent>0, oe=¢"+u

4. Whent=c; =g

Fig. 6.33 Triaxial test: spring analogy depicting porewater,,
NraQQlirea
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aramete “Triaxial Compression Test:

Types of triaxial tests dr¥P&Sther illustrated by an
analogous example of entering 50 and 60 people
groups, for example, respectively in a room at two
different times through the entrance, and leaving the
room depending on whether the exit of the room is
open closed at the time of entry. Thus, final number of
people staying at the room can be estimated for
different exit provisions from the room. This can be
considered analogous to the porewater pressure
generated within triaxial soil specimen at two different
loading stages. The analogy is demonstrated through
Figs. 6.34(a) to 6.34(d) that suggests that triaxial

choanr ftacte ~AA1IA e AF R Byvinae LI LT CL anA C DD




Shear Strength of
6.7.8 Determination dbBHear Strength

I:)arameterSTriaxial Compression Test:
s EXT XX

90 (Exit Closed) + 60 (Exit Closed) = 110 (Final Stay)
Unconsolidated Undrained (UU)

ENTRANCE _¢

Entering Stage 1 tsg‘ Exit Closed ‘ ﬂ‘ Unconsolidated ‘

Entering Stage Et 60 ‘ Exit Closed ‘ “ Undrained ‘

Fig. 6.33 Analogous example of UU .
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I:)arameterSTriaxial Compression Test:
s BT X

0 (Exit Open) + 60 (Exit Closed) = 60 (Final Stay)
Consolidated Undrained (CU)

ENTRANCE _¢

Entering Stage1'5g‘ Exit Open ‘-‘ Consolidated ‘

Entering Stage Et 60 ‘ Exit Closed ‘ “ Undrained ‘

Fig. 6.33(b) Analogous example of CU

triavial tect
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I:)arameterSTriaxial Compression Test:
LgEET e

0 (Exit Open) + 0 (Exit Open) = 0 (Final Stay)
Consolidated Drained (CD)

ENTRANCE _%

Entering Stage1'50‘ Exit Open ‘-‘ Consolidated ‘

Entering Stage 2 t 60 ‘ Exit Open ‘ “ Drained ‘

Fig. 6.33(c) Analogous example of CD

triavial tect
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aramete “Triaxial Compression Test:

50 (Exit Closed) + 60 (-50-60) (Exit Open) = 0 (Final Stay)
Unconsolidated Drained (UD)
Final stay is 0 which is similar to CD, thus no UD existed.

ENTRANCE _%

Entering Stage 1 '50‘ Exit Closed ‘ “ Unconsolidated ‘

Entering Stage 2 ' 60 ‘ Exit Open -‘ Drained ‘

Fig. 6.33(d) Analogous example of UD triaxial test that does:
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Parameters— . . .
aramete “Triaxial Compression Test:

Thus, the three test conditiordesre adequate for most
of the engineering purposes. They are sometimes
also designated as Quick or Q, Qc or R and slow or
S test respectively.

e Unconsolidated Undrained test (UU/Quick/Q
test)

[A special UU-test done on saturated cohesive
soil that is also known as Quick Undrained or
QU-test]

» Consolidated Undrained test (CU/ Q / R test®)
e Consolidated Drained Test (CD/ Slow/ S test)
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Param%gﬁications of the UU — Triaxial

UU-testLgﬁlbe used to simulate the soil conditions
In practical problems, where there is imperceptible
pore water pressure dissipation during the
iImposition of external loading.

In other words, the loads are placed over such a
short period that there is only negligible outflow of
water from soils of low permeability, hence there is
not time for consolidation and strength increase.

The soil is therefore weakest at this juncture, but
gets stronger with the passage of time.
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st ,
Some of the practical problems are:

» Excavation and end of construction of
foundations in partially saturated soil.

= Stability of compacted fill of low permeability.

= During the construction of earth dam, where
large pore pressures can develop, owing to
the speed of construction.
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Similar ‘t%_uﬂwTTe%tU-test, the QU-test is applied to
the determination of short-term stability of
structures, constructed In soils of low
permeability.

The test is not applicable, when either the period
of construction is exceedingly long or the
drainage path from the soil is too short as these
allow faster outflow of water than assumed and
simulated. A few examples are as follows.
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QQ-T%st
(a) Retaining Walls: Total stress analysis applies
when -

= The soil is saturated and little or no
drainage occurs during construction.

= Temporary excavation is supported by a
structure and insignificant pore water
outflow is expected during its short life-time.

(b) Excavation for foundation:

= The clay is weakest at the end of
excavation, when the removal of thex
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U-Test
(b) Exce?TaﬁoT%r foundation (Contd.):

= After the construction of the footing, the
applied load, which is usually larger than the
removed overburden reduces the uplift and
then strengthens the soil by consolidating it.

= Short-term stability of natural ground under
embankment, yet to be constructed, may be
analysed in terms of total stresses, proving
the period of construction is too short for
drainage to occur.
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Some Applications of

(@) Foundations for St%H-EIGJS,lWhEI'E the weight of the

structure consolidates the supporting soil and then,
there is a sudden increase in the loading. This occurs
repeatedly in water tanks and grain silos.

(b) Foundation of earth dams and embankments, where
some consolidation could occur over extended
construction period.

(c) To determine the effective stress parameters c’and
@' of saturated soil.
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In general, the test iI€IBEdkrt problems, where water
can drain under loading.

Foundations and piles in sand or gravel.
Retaining walls in sand or gravel.

Sudden variation of water level in sand or gravel
slopes of rivers or reservoirs e.g. sudden
drawdown.

Earth retaining structures and fills.

Foundation of earth or other structures, where
some consolidation could occur due to slow
progress of construction.

Q‘I‘ﬁl‘\;l;‘l‘\l f‘ll |rinﬂ I\I\Y\C\‘I'V'I |r\'|'inn ;Y\ 'F;('\C\I IV'I'\I"I f\lf\\l
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PéFQB&‘?&‘% Sh Saturation and Testing of Triaxial

As mentioned earlier, BRECEREMUr successive steps in
a triaxial test namely preparation of soil specimen,
saturation of soil specimen, application of cell pressure

and application of excess axial stress or deviator
stress.

The preparation of soil specimen, for all the tests is
essentially similar with only a minor exception that in
case of UU test the drainage accessories like wrapping
of filter paper around the soil specimen can be omitted.

By increasing the cell pressure and the back pressure
In a triaxial specimen of clay the voids are eventually
filled with water by water enterlng the spemmen from

401 1. - 1
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PéFQB&‘?&%%. Saturation and Testing of Triaxial

Phe procedure Is firslg%eﬁg'ﬁ}%na cell pressure and to
record the pore water pressure. Then the back pressure

(in the pore water) is increased and the pore pressure
recorded when it virtually equals the back pressure
applied. The back pressure must be about 10 kN/m? less
than the cell pressure to ensure positive effective stress
In the soil. The pore pressure coefficient B is determined
from the relation Au,.= BAo.and when the value of B
reaches about 0.97 the specimen may be assumed to be
sufficiently fully saturated.
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Parameters , . .
Preparation, Saturation and Testing of Triaxial

o Specimen . .
PBhe dissipation of pore water pressure or drainage during

third and fourth stages of testing depends on the test
type.

Often pore water pressure is measured in consolidated
undrained test to estimate the effective stress
parameters. Such a test is designated as CU test. Table.
6.2 presents the drainage and loading conditions during
third and fourth stages of all types tests.
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Ql\f\

Table 6.2 Drainage aftHoach

ﬂg-réonditions in triaxial tests

Type of test

Application of cell
pressure

Application of
additional axial stress

Unconsolidated
Undrained (UU)

Drainage is not
allowed. Sample is
unconsolidated.

Drainage is not
allowed. That is,
failure occurs in
undrained condition.

Consolidated
Undrained (CU)

That is, sample is
consolidated.

Drainage is allowed.

Drainage is not
allowed. That is,
failure occures in
undrained condition.

Consolidated
Drained (CD)

That is, sample is
consolidated.

Drainage is allowed.

Drainage is allowed.
That is, failure occurs
iNn drained condition.
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Parameters _ . .
Preparation, Saturation and Testing of Triaxial

o Specimen
The triaxial test data obtained from a test on each

of the specimen are separately plotted as deviator
stress versus strain diagram to obtain the peak or
maximum deviator stress and the corresponding
axial strain.

The excess pore water pressure reading is used to
calculate the effective principal stresses where
appropriate. Thus the principal stresses on the soil
sample are estimated and Mohr circle are drawn.
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Parameters =
Triaxial Test: Parameters for

The shear strengthC ACSITT-RSTe]l IIs depends on

factors like degree of saturation, stress history,
loading rate and drainge conditions.

Cohesive soils are often treated in a saturated
state to represent the worst condition that can
prevail in the field.
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UU Triaxial Test on Unsaturated

During this test, tehe iV@,rSﬁ.inen IS sheared
without allowing the outflow of pore water. This is to
simulate ground conditions in actual engineering
problems, where there is no time for pore pressure
dissipation, during the construction of structures in
cohesive soils of low permeability. There are two
standard tests of this type:

1. Undrained test without any saturation or on
partially saturated soill.

2. Undrained test on saturated cohesive soils,
usually referred to as ‘Quick’ or QU-test, applicable

‘I't'\ l'\t\‘l'k V‘\AFMF\II\I f\hﬁl t\\lf\thhhﬁf\I:Aﬂ'l‘f\A hlﬂ\lﬁ
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UU Triaxial Test on Unsaturated

In UU-test without satézSd@Shéeh Bikotal stress as well

as the pore pressure are measured. The presentation of
the results are in terms of effective stresses, hence the
Mohr's circle are drawn.

The failure envelope is normally curved when expressed in
terms of total stresses, and approximates a straight line,
when drawn in terms of effective ones. For this reason the
use of the effective stress parameters are preferred. The
shear strength parameters of unsaturated soil obtained
from UU test are c,, and ¢,, known as effective undrained
cohesion and angle of friction respectively, Fig. 6.37.
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Nr~Ahoacivin QAil

3 ght‘aﬂ‘i’u

r
;;i::Cu

Fig. 6.37. UU Triaxial test on unsaturated
cohesive Soil. 162
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UU Triaxial Test on Unsaturated

This test can be usddaR&EWEandthe soil conditions

In practical problems, where there is imperceptible
pore water pressure dissipation during the
imposition of external loading. In other words, the
loads are placed over such a short period that there
Is only negligible outflow of water from soils of low
permeability, hence there is no time for
consolidation and strength increase.

The soil is therefore weakest at this juncture, but
gets stronger with the passage of time. Some of the
practical problems are stated as follows.

163



Shear Strength of

6.7.8 Determination ddSHear Strength

Parameters
UU Triaxial Test on Unsaturated

. Excavation and efd2hfegiNeaatibn of foundations
in partially saturated soil.
« Stability of compacted fill of low permeability.

 During the construction of earth dam, where large
pore pressures can develop, owing to the speed
of construction.
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Paramﬁ@?riaxial Test on Saturated Clay
or Quick Undrained (QU) Test

#he QU-test is so called because the specimen is sheared,
usually over a period of 15 to 20 minutes. Pore pressure is
not measured and no drainage is allowed from the sample.

The test is carried out usually on saturated, cohesive soils
and the results are presented in terms of total stresses
and shear strength parameters c,and ¢,. The failure
envelope depends not only on the degree of saturation, but
on the stress history of the soil.
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Paramﬁ@?riaxial Test on Saturated Clay
or Quick Undrained (QU) Test

In this test a minimum of three soil specimens are
subjected to different confining pressure osand then
loaded to failure.

A cell confining pressure and slightly small amount of
back water pressure iIn several steps if required may be
applied to the soil and allowed to stay for some time to
saturate the sample.

The degree of saturation of the soil specimen can be
checked from the pore pressure parameter, B.
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Param?}ﬁr§riaxial Test on Saturated Clay
or Quick Undrained (QU) Test

When a saturated cohesive soil is subjected to a
stress increase, it will respond simply by
increasing the pore water pressure by that
amount.

So, any change in all around pressure or axial
stress will not bring any change in the structure or
arrangement of soil particles within the soil mass.

Hence the undrained strength remains constant
and independent of cell pressure. Thus, the soil
will fail at an equal deviator stress for all the 3 cell’
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Param?}ﬁr§riaxial Test on Saturated Clay
or Quick Undrained (QU) Test

Beviator stress and hence the diameter of the Mohr's
circle being equal for all cell pressures, the failure
envelope will be a horizontal line thus depicting that only
cohesion parameter will contribute to generate shear
strength of soil.

The cohesion parameter at this condition is termed as

undrained cohesion and designated as c,. The other
narameter «» wauld he zera. A tvnical Mahr's cirele and

168



Shear Strength of
6.7.8 Determination ddSHear Strength

Param?}erﬁiaxial Test on Saturated Clay
or Quick Undrained (QU) Test
PFhe failure envelope in this case can be defined as:

Tg = Sy = Cy (6.9)

T
A

Fallure Envelope

/7?7‘\’T

Oz 071 033 012 0j3

Fig. 6.38 Unconsolldated undrained (UU) test of 169
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Paramete&Q.U Triaxial Test of Clayey Soil

In this test soil sample is initially consolidated
under confining pressure. The volume change
reading can also be taken at this stage to
estimate the initial void ratio of the specimen.

After consolidation, the confining pressure and
back pressure may be increased by equal amount
thus keeping the effective cell (confining) pressure
constant.

The back pressure is applied to saturate the soll
sample and to facilitate the measurement of
negative pore water pressure during application of
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Paramete&Q.U Triaxial Test of Clayey Soil

Phe soil sample is sheared at this elevated cell pressure
o with a deviator stress of Ao, that is axial stress of
o, = 03 + Ao.

Morh’s circles are drawn for the three specimens to
determine the failure envelope and strength parameters
in terms of total stress, Fig. 6.39(a).

The strength parameters are designated as c.,and ¢.,,.
The failure envelope will be represented by Eq. (6.10).

Tf = Ceyy + 0 tan @y (6.10)
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Paramete&cu Triaxial Test of Clayey Soil

y 2

4

031 032 033 011 012 013

Fig. 6.39 Consolidated undrained (CU) strength of
saturated clay
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Paramete&Q.U Triaxial Test of Clayey Soil
Gonsolidated undrained test can also be carried out with
pore water pressure measurement while shearing the soil
sample.

The effective stress parameters in such a case are
determined drawing Mohr circle and hence the failure
envelope taking in to consideration the effective cell
pressure o} as (o3 — us) and effective axial stress o, as

(crl - uf). Here uy is the pore water pressure at failure.

Effective minor and major principal stresses o; and o
respectivelv are to be computed for all the 3 specimens.
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Parametel) Triaxial Test of Clayey Soil
The effective strength parameters are ¢’ and ¢’ respectively
for cohesion and friction and the equation for failure
envelope (Figs. 6.40a & 6.40b) is given by:

Tr=c +o'tano’ (6.11)
Total stress .
i failure envelope /ﬁ

Effective stress
failure envelope

[ ¥ [ 1] r ]
Jag Ogz T31033 Oga T3z iy Oy Ty= Tyz Oz Oy

Fig. 6.40(a) Total and effective stress parameters from a
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Paramete&?u Triaxial Test of Clayey Soil

T.i.

Effective stress failure envelope Total stress failure envelope

L |

[] :. / I' >
o gy ; /.~ ox | ‘ 0,0’
pecimen 1 :
H Aug for Specimen 2

Aug for Specimen 1

Fig. 6.40(b) Total and effective stress parameters from a
CU test. -
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Parametergyp Triaxial Test of Clayey Soil

In this type of test, the sample is first consolidated under
confining or cell pressure. Back pressure may be applied in
a similar manner to that of CU test to saturate the sample,
if necessary.

Thus the confining pressure o here is the effective
confining pressure c3. The specimen is then sheared to
failure with a very small strain rate so that no excess pore
water pressure can develop on the failure surface.

The pore water pressures, thus, remains zero at all the
stages of the test thus prevailing effective stress
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Phe volume change reading can also be taken to examine
the void ratio of the soil at failure condition. Mohr’s circle
In terms of effective minor and major principal stresses at
failure for all the three specimen are drawn to obtain the
effective shear strength parameters c’'and ¢'.

The failure envelope is of typical in nature as shown in Fig.
6.40, and ¢ and ¢ would be replaced by the parameters
c'and ¢'. The failure envelope can be given by:

T =c +o'tang’ (6.12)
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T
A

O Jr1 .

l Failure envelope

¥ —_— — GFE

T - G
o'yl o' o'l o'l o'z o'13

O Jr1

(a) (b)

Fig. 6.41 Effective stress parameters from a CD test of clay
soil.
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CD Triaxial Test of Clayey Soill

Phe parameters ¢’ and ¢’are often replaced by c.; and
@.q to remind that these parameters are for drained
condition.

The parameters obtained from a drained test always
refers to effective stress conditions though these can
also be obtained from a CU test and that should be
specifically spelled out.
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Triaxial Test of Sandy Soll
When load is applied to a soll, the soll is stressed
and causes the soil-water matrix to compress and
some of water is squeezed out.

Because sandy soils have a high hydraulic
conductivity (coefficient of permeability), this
water is able to move quickly and easily.

The potential drainage rate is at least as high as
the loading rate. This condition is known as
drained condition and the stresses acting on a
sandy soil are always the effective stresses.
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Mence, in case of sandy soils the measured strength
parameters from shear tests are always the effective one
and it i1s almost independent of type of triaxial tests.

As sandy soil has smaller surface forces, the cohesion
parameter can be considered as zero (thus named as
cohesionless soil) the strength envelope can be explained
by the following equation.

Tr =o' tan @’ (6.13)

As such, only one Mohr's circle iIs required to define the
failure envelope as another point Is the origin of o-1
coordinate system.
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Mowever, confining pressure has a little effect on
strength the parameter and as such, conventionally
three specimen are tested at different confining
pressures.

Mohr’s circles are drawn to obtain the failure envelope
of the form represented by Eq. (6.13) and thus the angle
of internal friction ¢’ is determined.

A typical Mohr circle diagram for triaxial test on dry
cohesionless soil is shown in Fig. 6.42, where the
strength parameter c is zero.

182



Shear Strength of
6.7.8 Determination ddSHear Strength

Para_meterSTriaxial Test of Sandy Soil
T

&

Failure envelope

e O

031 033 033 Oy Ol2 013
Fig. 6.42. Shear strength parameters of sandy sail
from a triaxial test. 183
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Parametersy i vial Test of Sandy Soil

A moist sandy soil might show a very small value of
apparent cohesion which is due to surface tension.

In all the shear strength test of sand, volume change is
a very important factor. Hence, it is preferable to record
the volume change readings for better explanation of
the test results.

Due to the mode of formation of failure planes, the
shear strength parameter ¢’ obtained from direct
shear test overestimates the triaxial ¢’ value

approximately by 10%.
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Sandy Soll
Figures 6.43(a) and 6.43(b) show the results of

triaxial tests on samples of a sand prepared in a
loose and a dense state tested at the same
confining pressure.

With the dense sample, the deviator stress
Increases to reach a clear peak value and then
decreases to eventually level off at a constant
value. The volume shows an initial slight decrease
followed by a steady increase and then levels off to
a constant value. The loose sample, however, does
not show a clear peak value of deviator stress. =
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Sandv Snil
1500
Confining pressure = 300 kPa
e /’O—(\}_
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J/ Fig. 6.43(a) Drained
500 (1 triaxial test on sand in
f Dense ——o— loose and dense state;
" Loose ——-@—-—- .
(a) Deviator stress
strain diagram.
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Shear Strength and Deformation of
CAanAdv, CAil

Volume

Increase 100 10 20 30
s &
o= —

UJ' /
(=)
-
o
i =
3] /D'/(
€ 0
- 8 — @ o
=
J

Volume -5 :
T Shear strain ( %)

Fig. 6.43(b) Drained triaxial test on sand in loose and dense
state; (b) Deviator stress strain diagram. 187
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The strength simpBaHEsSO8nd levels off to a
constant value, which is very close to the value

obtained from the dense sample.

The volume of the loose sample shows a slight
decrease before leveling off to a constant value. In
each test, both the deviator stress and volume become
constant at large strains. If measurements are made of
the density (or void ratio) of the samples once these
“constant” or ultimate states are reached, it is found
that the values are essentially the same. This ultimate
state I1Is known as the critical state. In this state,
deformation will continue at constant deviator stress
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Pigure 6.44 shows resDi@Ndy Pedt of drained shear box
tests on identical sand samples plotted as stress versus
displacement curves and failure linesin terms of hoth the
peak strength and critical state strength. Sands are hy
nature cohesionless, so the failure lines normally go
through the origin. Two values of the friction angle ¢’ are
thus determined, the peak value (simply designated ¢’ and
the critical state value, which is commonly designated
@i+ OF ©,,. The cv suffix refers to constant volume. Typical
values of ¢’ for sand are between about 35° and 45°, the
lower values normally associated with the loose state and
the high values with the dense state. .
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Fig. 6.44 Peak strength and critical state strength

of sand.
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Glay may exist in the Soidated G itions:

= Existing effective overburden pressure (o,) is greater
than or equal to the maximum of effective pressures
subjected in the past called overconsolidation pressure
(g,.)- This is normally consolidated soil.

= Existing effective overburden pressure (o,) is less
than the maximum past pressure (o,.). This type of
soil is known as overconsolidated soil.

The ratio o/_./0/ is known as over consolidation ratio (OCR).
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Strength charact wansoldaled & consolidated and

over consolidated clays (saturated) differ because of the
fact that their depositional modes and drainage
behaviour are responsible to impart the cohesion and
frictional properties between the particles. As such the
strength characteristics of clay soils are dependent on
OCR that can be described as under.

* The UU test on both normally consolidated and
overconsolidated clays gives c,, parameter and shear
strength in this case equals to c,, only.
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for a CU test wi onsolidated ¢la asurement or CD

test, normally consolidated soil gives ¢’ (drained ¢)
parameter resulting in a zero cohesion intercept.

For over consolidated soils we get both ¢’ and ¢’. The
failure envelopes for overconsolidated clays are
nonlinear. For a over consolidated soil, if the failure
envelope of the normally consolidated range is extended
backwards it will pass through the origin giving ¢’ = 0.
Figure 6.45 illustrates the shear parameters as obtained
from NC and OC range of loading.
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T
- A Overconsolidated Normally Co_nsolidatﬁlh

Fig. 6.45 Soil strength parameters as obtained for
normally consolidated and overconsolidated range N
of loading.
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To illustrate the sofb@BEmMElafedok l@Ymally consolidated

(the present overburden stress is the maximum in its life)
and over-consolidated (the present overburden is not the
maximum in its life) soil deposits, illustration examples
are taken for alluvial river deposits as shown in Fig. 6.46.
Layer 1 is deposited at a time when the soil layer was
slurry having both normal stress (o)and and shear stress
(1) of 0. Subsequently, several layers were deposited (up
to Layer 5) and that acted as overburden on layer 1. They
helped gaining the stiffness and thus its shear strength
with increasing overburden normal load.
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Phis is typicallconSO“dat d tla lly consolidated

deposit. These are illustrated in Figs. 6.46(a) to 6.46(e).

It is assumed that soil layers 2 to 5 suddenly eroded
leaving behind layer 1 with some stiffness(t # 0).
Again soil started depositing that increases stiffness
and both normal stress and shear stress of layer 1.
This is typical of overconsolidation and illustrated in
Figs. 6.46(f) to 6.46(j). The stress history and shear
strength parameters are presented in Figs. 6.47.
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AV Water Level _\/_ __ WaterLevel il o MBRCLHOL
"""""""" . At time t = 2 year further
At time t = 1 year, layer 2 ; i
Attime t = 0, deposition s deposited on layer | lacrgece I mmal &
starts at the river bed. Layer 1 soil is slightly

Soil of layer 1 was slurry. stiffer. Slight normal & \ Layer 3: Yr. 2 /
shear stresses.

Thin soil layer, no normal
\ Layer 2: ¥r. 1 / \ st /

siress no shear stress.
Layer 1: Yr. 0
Layer 1 Yr. 0 Layer 1: Yr. 0 w

@) (b) (c)

R Water Level _ N/ _ _ _Water Level _ _/
"""""""" . Soil still remains NC. :
Subsequent years normal & shear -

stresses increase continues. \ Layer 5:¥r. & I F Ig ) 6 ) 46 (a e)

Layer 4 r. 3 \_ taeravws f lllustration of NC
\ /
Layer 3:Yr. 2 Layer 3:Yr. 2 . . .
\\ La:fer 2:¥r.1 // L\ Layer 2: Yr.1 / soill depOSItS IN
W W river bed.
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N Water Level N/ Waterlevel f N\ __V___ Water Level
After & years all the layers - Deposition continues. Soil _Spil still remains OC until
above layer 1 ERODED. would remain OC until previous max. pressure

Deposition starts again. previous max. pressure attains.
attains.

Soil becomes OC, Normal
stress is 0, shear has got
some value.

Layer 3:Yr. & /

L\ Layer 2:Yr. 5 / \ Layer 2:Yr. 5 /
Layer 1: Yr. &4 Layp_.r] Yr. & Layer] Yr. 4

(f) (g) “‘)
N _WaterLevel __ --\7-'-.-.-‘1“'-“*.-'5"1'*-‘--/ . .
. Soil still remains OC. X 'Solt:;ll;rm;:::ﬂt / Flg. 6.46 (f-j)
N\ Gerava / \\ Sl // lllustration of OC
\L\ B // NI, soil deposits
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f\nnnr\“hlf\-l-npl (\_lg\/

T T
A A
Normally consolidated Overconsolidated soil;
soil; c =0, @ = @ c=cC, @=¢
@ @
# > J ‘ >

(a) (b)

Fig. 6.47. Stress history and shear strength parameters;
(@) Normally consolidated soil, (b) overconsolidated soil.
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Phe gradual increase in the total pressures o. and o,
during a triaxial test, induces corresponding increases
(Au) in the pore pressure within the soil mass. The
correspondence hetween these quantities was derived
by Skempton (1954), in terms of two coefficients A and B.
The effect of o. and o, on the variation of u is
considered separately. Figure 6.48 depicts the
application of hydrostatic cell pressure .
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Ao,

(5

P e

.-"";

f B A

|

Ao,

Ao, —» Au, +—— Ao,
e

Fig. 6.48 Application of hydrostatic pressure (cell
pressure) and generation of porewater pressure. -
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Increase in Cell Pressure

In Fig. 6.48, Ao is the small increment in the cell-water
pressure o.. It induces a small increase Au, In the
porewater pressure. The magnitude of Au,. depends also
on the degree of saturation. The increase is given by:

Au,.= BAa, (6.14)

Where B is called the pore pressure parameter. It is found
by increasing the cell pressure to any desired value Ac,
and measuring the corresponding pore pressure Au.
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Phe magnitude of B is an indication of the degree of
saturation as follows.

B=1 Saturated solil;
0<B<I1 Partially saturated soil,
B=20 Dry soil

Therefore, this first stage of a triaxial test may be used
to determine the state of saturation.
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Increase in Deviator Stress

If now, the vertical pressure Is iIncreased without
allowing water outflow from the specimen, then it
induces further pore pressure increase. Figure 6.49
shows the addition of the deviator stress to the cell
pressure. A small increment In the deviator stress, Ao,
Is applied by the loading ram in the triaxial test. The
Induced pore pressure Is given by:

Auy= AAoy, (6.15)
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Ag,

v

Aoy

Ac,=Ao,+ Adgy
Aa,

S

e o
o
TN

Ag,

el

.*_
Ao,

W Fig. 6.49 Application of

F 3

Ac, deviator stress in triaxial

specimen.
Aoy
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Where, A is another pore pressure parameter. It is

calculated from the pore pressure measured for the
range of Ao, and it depends on overconsolidation ratio.

Total Excess Porewater Pressure

Combining the above two increments (Au,.and Auy), the
overall change in the pore pressure, during a triaxial
test, can be determined as follows.
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Potal Excess Porewater Pressure
Au = Au,. + Auy= BAo, + Ao,

= B (Ao +500,) = B(Ao, + Adag)  (616)
Thus, Au can also be expressed as
Au = B|Ags + A(Agy — Ads) | (6.17)

Where, A = g orA=AB and A is also a pore pressure

parameter. The value of A depends largely on the stress
history of the soil. Figures 6.50(a) and 6.50(b) shows the
parameters A and B that varies with soil properties. Values
are also provided in Table 6.7. 207



Shear Strength of
6.7.8 Determination @§8fjear Strength

Parameters
%rorewater Pressure Parameters
1.00

0.175 l\\

0.25

o
n
=

0

Pore pressure coefficient A

—.25

—G.SDG 2 4 10 20 40

Overconsolidation ratio (log scale)
Fig. 6.50(a) Porewater pressure parameter A with

overconsolidation ratio. 208
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Degree of saturation, Sr (percent)
Fig. 6.50(b) Porewater pressure parameter B
with degree of saturation. 209
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Table 6.3 Typical values of porewater pressure

parameters
Type of Soil Volume change | Value of A

Highly sensitive clay Large + 0.75to +

contraction 1.50
Normally consolidated Contraction + 0.50 to +
clay 1.00
Compacted sandy clay Slight + (0.251t0 +

contraction 0.75
Lightly overconsolidated |None + 0.00 to +
clay 0.50
Comnacted clav aravel Fynan<ion
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Parameter B in Saturating Triaxial Soil Specimen

The parameter B is applied to the triaxial test to
ensure the state of full saturation. By increasing
the cell pressure and the back pressure Iin a
triaxial specimen of clay the voids are eventually
filled with water by water entering the specimen
from the back pressure system and air dissolving
iIn the water. The procedure is first to apply a cell
pressure and to record the pore water pressure.
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Parameter B in Saturating Triaxial Soil Specimen

Then the back pressure (in the pore water) is
Increased and the pore pressure recorded when it
virtually equals the back pressure applied. The
back pressure must be about 10 kN/m? less than
the cell pressure to ensure positive effective
stress in the soill.

The B parameter is determined from Equation
(6.14) and when it reaches about 0.97 the
specimen may be assumed to be sufficiently fully

I\f\*l llﬂf\*l\’d Alﬂ I\\IAMII\II\ :III lf\*lﬂf\*:lﬂﬂ *kf\ If\lﬂl\f\l\le B A Ry :f\
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Table 6.4 Example of estimating pore pressure
parameter B
Cell Back Back Pore AU Ao, | Paramete
pressur | pressur | pressur | pressur | (kN/m?) | (kN/m? r, B
e e e valve e )
(kN/m2) | (KN/m?) (kN/m?)
0 0 Closed -4
50 -- Closed 7 11 50 0.22
50 40 Open 39 -- -- --
100 -- Closed 62 23 50 0.46
100 90 Open 89 -- -- --
150 -- Closed 126 37 50 0.74
150 140 Open 139 -- -- --
200 -- Closed 182 43 50 0.86
200 190 Open 190 -- -- --
300 -- Closed 285 95 100 0.95
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It is apparent from Fig. 6.38 that the test results
of UU triaxial test are the same regardless of the
cell pressure. As such, it is not necessary to use
a triaxial cell for measuring the undrained shear
strength and a simple compression test on an
unconfined cylindrical sample can be used. The
compressive strength measured in this way is
known as the unconfined compressive (UC)
strength. Unconfined compression test is a
special case of UU triaxial test where the minor
principal stress or cell pressure is kept as zero.

214
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As such, the apparatus becomes much simpler. This Is
the easiest, quickest and simplest test for determining
the undrained strength of saturated clay soil. This test
can also be done on unsaturated sample, keeping In
mind that undrained shear strength of clay soil varies
with the moisture content and density.

Similar to triaxial tests, three identical cylindrical
specimens are tested for axial compression to failure in
an unconfined compression machine and their justified
average values of peak axial strength are taken as the

nnenanfinad ramnraceiva etrannth A~ e
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The unconfined compression testing machine
consists of a loading frame where the cylindrical
soil sample can be placed in between base
platform and a top cap. The top cap is attached to
a proving ring or load transducer for measuring
the load. The bottom platform can be raised by
gear system or by a motor for the application of
load and deformation. Axial deformation s
measured by using a deformation dial gauge or
linear variable differential transformer (LVDT). A
view of the unconfined compression test machinée
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:

Fig. 6.51 View of
unconfined
compression testing
machine.

217



Shear Strength of
6.7.8 Determination db8Hear Strength

Parameteﬂ%confined Compression Test

Bhe specimens must be sheared rapidly to failure. If the
time is too long, evaporation and surface drying may
result in high strength. Typical time to failure is 5 to 15
minutes. If the sample does not show any sign of failure,
the unconfined compressive value is taken
corresponding to 15 percent strain. The failure envelope
for unconfined compressive strength is shown in Figs.
6.52(a) and 6.52(b). It is be apparent from Fig. 6.50(b) that
the undrained shear strength (c,,) is half the unconfined
compressive strength (g,) provided the soil is fully
saturated.
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""'—II

Jata)

Unconfined compression test

Fig. 6.52(a) Mohr circle for UU triaxial &
unconfined compression test.
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T
FaiIL:; Envelope
g = 2%
S
» O
o3 =0 01 = qu

Fig. 6.52(b) Mohr circle for unconfined
compression test.



Shear Strength of
6.7.8 Determination db8Hear Strength

Parameteﬂ%confined Compression Test

WUnconfined compressive strength gives also a measure
of consistency of clay soil as expressed in Table 6.5.

This test can be done both on undisturbed and
remoulded clay soil samples. Their values usually gives
some useful estimation about the sensitivity of clay.

Sensitivity describes the effect of stress and
environment with time on the undrained strength of soil.
Sensitivity (S;) is defined as the ratio of undrained shear
strength of clay soil in undisturbed condition to that at
remoulded state at the same water content.
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Table 6.5 Consistency and unconfined
compressive strength of clay soil

Consistency Unconfined compression

strength, q  (kN/m?)

Very soft
Soft
Medium
Stiff
Very stiff
Hard
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Sensitivity (S;) describes the effect of stress and
environment with time on the undrained strength of saoil,
and it is defined as the ratio of undrained shear strength of
clay soil in undisturbed condition to that at remoulded
state at the same water content. Though, it is referred to
undrained strength, it is customary to use unconfined
compressive strength (g, ) to define its sensitivity. Hence,
Sr __ Qu (undisturbed) (613)

Qu (remoulded)

The sensitivity of a soil measures the reduction of shear
strength that might occur due to disturbance of sample.
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Bjerrum (1954) gives a sensitivity classification of
soil as presented in Table 6.6.

Table 6.6 Sensitivity classification of clay soil
Sensitivity Value | Soil Description
Less than 2 Insensitive
2 -4 Medium sensitive
4 -8 Sensitive
8-16 Very sensitive or Extra
Sensitive
16 - 32 Slightly quick
32 - 64 Medium quick
Craatar than RA Ok
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Highly overconsolidated soils are insensitive. This is
partly due to low natural water content in the soil
deposit. However, sensitivity most of the clay
deposits ranges from 2 to 4. The decrease in
strength of clay soil is attributed due to disturbance
of adsorbed water in clay layers.

Thixotropy of Clay

Clay loses strength when remoulded, and its
magnitude depends on its sensitivity. If the
remoulded soil is left undisturbed at same water
content, partly of its strength is regained due to

225
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The vane shear test (VST) can be traced back to
1919 when it was first used in Sweden. The VST
Is used to determine the undrained shear strength
of soft fine-grained plastic soils (clays and silts)
having shear strength less than 100 kN/m? .

It can be performed either in the field with a field
vane or on the sample taken to the laboratory
with a mini vane or a hand vane. The test is most
frequently carried out in a borehole in the field.
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The apparatus consist of a four-bladed vane
attached to a torque-measuring apparatus, by

means of extension rods, as shown in Figs.
6.53(a), (b) and (c).

It happens sometimes, that the clay to be tested is
so plastic, that it cannot be extruded from the
ground, without causing extensive disturbance to
its structure.

Because of its softness, the soil cannot be tested
In the triaxial apparatus either. This applies

227
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Push in vane gi"wquemerer
at bottom of

borehole I ) T

Aadn

=
d1=ﬂ-E C

B

1. Insertion of vane 2. Within 1 minute, rotate 3. Performan 4. Measure residual
vane at 6 deg./minute; additional 8 to tomque T, for
measure peak torque, T, 10 revolutions remolded case

Fig. 6.53(a) Vane shear
test.
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Gear bracket

Torque applicator handle
Slow-motion bevel and work gears
Gear bracket clamp screw

Bracket

Torque spring
Strain indicating pointer

Nut _‘_Z FE /s Maximum pointer
= /_ Locating pins
Lead screw - L/ //' Vane fixing screw

_V Shear vane

Lead screw handle
Support pillar

W

Base

D

N

Fig. 6.53(a) Schematic of laboratory vane shear
apbaratus.
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Apparatus to apply Torque, T
|%x"’ and measure torque

. I

T

Borehole liners : ?

i 1.2

—» || *— d=Borehole diameter —L
Vane

Spacer —emm

Torsion rod
" T(KI }p
Clay || T y>3d D

the-_p[J 4{
(b)
Fig. 6.58C)Vane shear test; (a) General
arrangements; (b) Vane geometry. 230
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Phe vane is made of two perpendicular blades, each having a
2 to 1 height to width ratio. The width of the field vanes
varies from 38 to 92 mm; the larger vanes are used in softer
soils. The width of the lab vanes varies from 10 to 20 mm.

The VST consists of pushing a vane at the end of a rod into
the soil until the desired depth is reached. Once the testing
depth is reached, the vane is rotated at a slow rate (<1
degree/min) while measuring the torque developed and the
rotation angle (Fig. 6.53d, Fig. 6.53e). Peak value of the
torque is recorded as T,,,,. The blade is then rotated at
least 10 times rapidly and a new maximum torque value,
Tres, is measured (Fig 6.53e). 231
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Rotation/ D
Torque *_..
| \’/rﬂ__Vane E TmEI}{
2N é 10 Rapid
; rotations
Failure E TRes
surface  © r
0 Bmax Iintatinn angle (°)
Ead (e)
(d)

Fig. 6.53 Vane shear test; (d) Vane
rotation; (e) Rotation torque relation.
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A formula between shear strength and torque can be
derived considering the distribution of stresses as
shown in Fig. 6.54 and on the following assumptions.

J

4

U U

The soll is purely cohesive, homogeneous and
Isotropic.

The insertion of blade causes no disturbance to
the soll.

No drainage takes place during shearing.

Failure takes place by shearing over the surface
of the cylinder generated by the rotating vane.

No progressive failure takes place in the soil and
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Fig. 6.54 (a) Blad¢ldimensions & rotation; (b) Shear stress .,

distribution.
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Let the applied torque be T which is resisted by the
moments due shear stress mobilized along the cylinder
side (Mg;q.) and on  the two  edges
(Mo and Mpotrom OT Megge) of the failure surfaces.
Since the test is carried out relatively fast, undrained
conditions can be assumed and the shear stress at
failure is the same as the undrained shear strength, c,,.

The total torque T is thus the sum of the opposing
moments, Fig. 6.54b. Mathematically, it can be written as:

I = Mgiqe + Mtnp + Mpottom = Msige + ZMedge (6-19)
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A cylinder of soil of height, H and diameter, D s
considered that will resist the torque, T until the soil fails
(Figs. 6.54a & b). If the assumption of full shear mobilization
at the edges are not valid, there could be various
assumptions regarding the distribution of mobilized shear
strength at the edges. The possible distributions are

indicated in Fig. 6.54(h).

Accordingly, an expression for resisting torque can be
obtained by integrating the resulting moment for the
relevant stress distribution diagram of the edges and
adding the value for the moment due to surface resistance.
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By taking moments about the shaft axis and considering r =
any radial distance; % = radius of blades.

2
MSEdE — (TTDH) X Cu X E = D EHCH (62“)

J.DIE(ZHT x dr x r)(acy) = 2mac, fﬂ /2 12y

sz mac
= 2mac, [ﬂl = (6 21)

And, Medge

-
= Megg4e = 2macy, [?L

nD?Hcy, wacyD?
T = + 2 X =
D?H D3
> 7=, (S +2) (6.22)
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Equation (6.22) is the general governing equation to estimate
the undrained shear strength of fine grained soil from vane
shear test. This is referred to as Calding’s equation. Here, a is
the coefficient defining the value of shear stress at centroidal
distance of the area of stress distribution from centre of a
circular plane In terms of diameter and depends on the
distribution of stresses on the top and bottom circular edges.
The values of a are:

a =1 for uniformdistribution of stresses

2
a=z for triangular distribution of stresses

3
a=rz for parabolic distribution of stresses
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Usually height h of a vane blade is 2 times the diameter d.
Using this value in Eq. (6.12), we get:

_ D?x2D | aD?\ _ 3 a\ _ mcyD3(a+6)
T_HC““( 2 +5)_HC“D (1+5)_ 6

6T
D3 (a+6)

= Cy =

(6.16)

Considering a uniform distribution of failure stress c,, over
the entire circular area, the value of a that is the
coefficient of ¢, at centroid of stress distribution area

becomes 1 and we get:
6T 6T 6T 3T

c, = = = = (6.17)

"~ mD3(1+6) mwD3x7 7mD3  11D3
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Researchers found that the values of c,, obtained from
the field vane shear test (FVST) are too high for design
purposes; its use reduces the factor of safety
considerably. It is recommended to use the empirical
correction factor A with ¢, in order to obtain
appropriate value for design undrained shear strength.
Hence,

Design,c,, = A X Analitical c,,

Where,
A = 1.7 — 0.541log PI ; Plis the plasticity index.
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Fé?ﬁ%ﬁ%?ﬁelations of Undrained Shear Strength
Undrained shear strength of normally consolidated clays
varies with effective overburden pressure (i.e. with depth).
Several empirical relations are available. Of them, the one
given by Skempton (1957) is mentioned below.

("’”—“) = 0.11 + 0.00371, (6.18a)
NC

Op

Where, c,is the undrained cohesion, o,is the effective over
burden pressure and I,is the plasticity index in percent. For

overconsolidated clays, Ladd and Foott (1974) proposed the
empirical formula:

(E—I:)UC = (OCR)"® (c—‘:)wc (6.18b)

Og Op 241



Shear strength ot
6.7.8 Determination d§8ljear Strength

Par%ranc%%SAffecting Angle of Internal Friction

The shear resistance of sands and gravels is made up of
sliding and rolling friction plus the resistance to volume
change by interlocking. Interlocking effect is important for
dense sands and is the main contributing factor for the
increased angle of shearing resistance in them.However,
the angle of shearing resistance corresponding to the
ultimate strength is found to be not much different for the
dense sand and the loose sand.

The angle of shearing resistance decreases rapidly with
increase in percentage of fine. A fine content of about 20 to
25 per cent may reduce the ¢’ value for clean sand by 5° to
7°. Table 6.7 shows the typical values for of ¢’. 212
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Type of sand | Round grains, | Angular grains,
uniform grain well graded
size
Loose sand 28.5° 34°
Dense sand 35° 46°

An empirical formula suggested by Brinch Hansen and
Lundgren (1960) takes into account the influence of the
major factors in determining ¢’ in sands and gravels.
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Par%ranc%%SAffecting Angle of Internal Friction
The value of ¢’ is expressed in the form:
@' =36+ @1+ 9+ @3+, (6.28)

In Eq. 6.20, 36° represents the ¢’ value for average
conditions while ¢+, @1, @1 and ¢@; account for influence
of grain shape, size, gradation and density index
respectively, Table 6.8.
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Angular grain

Poorly graded soill

Sub-angular grain

Medium uniformity

Rounded grain

Well graded soll

Well-rounded

grain
Sand Loosest packing
Fine gravel Medium density

Med. & coarse

Densest packing
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Generally, the shear strength of saturated soils is
much discussed. However, In the most cases,
unsaturated soils are encountered in the field. The
phase diagram of saturated and unsaturated soils
are

: < Pore air
Porewater Air pressure, i,

pressure, u

Porewater
sl ISR e pressure, u,,
GoHi e * Effective
g Solid b . EREEE i $ies c
L0 B CUess O . g fFffective

stress, o’

(a) Saturated soil (b) Unsaturated soil
Fig. 6.55 Phase diagram for saturated and unsaturated

L]
ﬂﬂllf\
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For unsaturated soils, the effective stress ¢’can he calculated
using the most general expression -

o =0 —au, — Pu, (6.18)
Therefore, the general equation for the shear strength of a soil
(unsaturated or saturated) is:

Tr=c +o'tang’ =c" + (0 —au, —Puy)tang’ (6.19)

Where, ¢’ is the normal effective stress on the failure plane,
o is the normal total stress on the failure plane, a is the
fraction of the total area of the failure plane covered by water,
S is the fraction of the plane covered by air, u,, is the water
stress, u, is the air stress, and ¢’ is the effective stress
friction angle. 2‘”
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When the soil I1s saturated or when the air i1s occluded,
@ = 1 and 8 becomes 0, as such Eq. (6.19) becomes:

ﬂ-’ =0 — Uy (620)

If the air is not occluded, there is a path for the air to be
connected directly to the atmosphere and the air stress is
atmospheric or zero gauge pressure. Then the most

general expression of the effective stress in soils
covering all real cases is:

7 =c + (0 — auy) tan ¢’ (6.22)
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Parameter a can be estimated by taking it equal to the
degree of saturation S or by using a slightly modified
version of the Khalili and Khabbaz (1998) equation.

a=3S (6.23a)

a = :—: (6.23b)
Where, u,,,. is the air entry value of the water tension
and u,, is the water tension. Shear strength equations
other than Eqg. 6.19 have been proposed, such as by Bishop
(1959) and Fredlund and Rahardjo (1993).
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Bishop (1959) proposed the following equation for shear
strength of unsaturated soil.

tr = + [(0q —ug) + x(ug —uy)] tan ¢’ (6.24)

Where,
0, — U, = net normal stress

u, — u,, = matric suction

y = a parameter depending on degree of saturation.
x = 1 for fully saturated soil and O for dry soils.
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Fredlund and Rahardjo (1993) modified Equation 6.24) in
the following form:

T = c' + (o, —uy)tan’ + y(u, — u, )] tan ﬁﬂb (6.25)

Where, ¢? is an angle indicating the rate of increase in
shear strength relative to the matric suction (u, — u,,).
Equation 6.25 can be reorganized as follows:

o _ tan ¢” _ _ tan ¢” ,
Tr=c + [cr an o7 Yw (1 — gﬂ,)uﬂ] tang’  (6.26)

Comparison of Eq. 6.25 with Eq. 6.26 shows that the two
equations are identical if:
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b b

=% gnd p=1-2L (6.27)
tan @ tan ¢

It is established that a + f =1, therefore, both

tan ¢?

tan ¢’

conditions are satisfied automatically and the ratio
can be estimated through Egs. (6.23a) and (6.23bh).

Equations (6.24), (6.25) and (6.26) dictates that the
strength of unsaturated soils is much higher than the
strength of saturated soil due to matric suction. They are

illustrated in Figs. 6.56(a) and 6.56(h).
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= 0 — U,

Fig. 6.56(a) lllustration of unsaturated shear strength ...
Nnarameaetarc
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Apparent
cohesion

Fig. 6.56(b) lllustration of unsaturated shear strength ...
Nnarameaetarc
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The analysis of shear strength of soil using the
Mohr circle considers only the stress conditions at
failure. However, it is also important to observe
changes in shear stress from the beginning of
load application until the sample fails. To do this,
the stress path concept can be applied which is
schematically explained in Fig. 6.57.

Instead of drawing numerous Mohr circles for
each stress increment, we will use only one point
that can represent the stress conditions of the
Mohr circle.
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This “stress point” is located on the top of the Mohr circle
(Fig. 6.57a) and it is described using the p and g
parameters (Fig. 6.57b) which are defined in Equations
(6.28a) and (6.28h).

p = ”1;”3 (6.28a)

p = 21% (6.28h)

2

By using the stress path approach, the values of a and
m at failure can be obtained as shown in Fig. 6.57(c).

256



Shear strength ot
6.7.8 Determination d§8ljear Strength

F)aramete§re33 Point and Stress Path

A

Stress point\‘
=

Shear stress

b
O3 O

Principal stresses

A
q

Stress point\‘

>

p

Fig. 6.57(a) Stress path concept: (a) Top point of the Mohr circle; (b)

Stress point in the p vs. g space.
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Failure

Im :

p

Fig. 6.57(a) Stress path concept: (c) Stress path reaching
failure. 258
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It is to be noted that « and m are not soil friction angle
(¢) and cohesion (c), respectively (Fig. 6.58). However,
through the relationship given in Equations (6.28a) and
(6.28b), the friction angle and cohesion can be found as:

m = c' cos ¢’ (6.28a)
@' = sin"!(tan a) (6.28h)

It is to be noted that the stress path is commonly used
for effective stress conditions, i.e.,, p’ and g'.
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Parameters .
gtress Point and Stress Path
Stress path
T _ line
A Failure envelope

Top ofthe circle

» O

C m
£4
Fig. 6.58 Difference between stress path and
Mohr-Coulomb failure criterion.
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Parametet ess Point and Stress Path

Shear Strength Parameters

The shear strength parameters ¢ and ¢ , thus, may be
evaluated from test results in three ways.

1. Graphically, by Mohr’s circles
2. Semi-graphically, by stress paths

3. Analytically, by means of stress path coordinates.
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