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1.0 Introduction
Soil- is not only a foundation material
that , 'supports sStructures - bat. also
. a, .construction material used for
‘the ‘construction. of . earth - dams,
highway. and railcoad
ete., Tt can be considered as
“oldest .and - the most. complex -of

the
- the

"congtruction.maperialé used by engineers.. -

The  tecm “"Soil Mechanics® designates
the discipline of engineering - science

_ which  deals _with. the  properties,
behaviour and performance of  soil
as a.structural material. Soil mechanics
is one of :the youngest disciplines
in civil ‘“engineering. It found its-
birth as = a_  Scientific  discipline
with .the publishing .of the  book
"Erdbaumechanik” -in German . by -Karl

. Terzaghi in . 1925. Karl Terzaghi

is considered as - the Eadther of " soil
mechanics by the civil engineers.

During an address . to. .the Building
Research Congress in
in 71951, Terzaghi had this' to
*On ‘account -of the fact that
is no glory attached to the Eoundations,
and that ~ the sources of
or failure  are = hidden
the , ground, building
“have always Dbeen ' treated
children; and their -acts of
"€or the lack of . attention
very esmbarrasing". '

deep
foundations
as’ step

cevenge

,Civill,héngineeré "put. great  affort
into the planning, design and construc-

tion of portions of the structures.
lying . above the ground,. as - these
are ‘the' parts- - of the structures
that 4dre seen and appreciated by’
the . people. The :@ foundations lie
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'a numbec of

" foundation . design.

embankments. which hav

United .Kingdom '
say:
thera

can - be

‘ was

" the

-6 ‘inches. The building. is
oW ]
 Eunctioning -as the hasemeint.

hidden  in the -ground . and therefore
tend” to ‘get -ignored. Hence .we see
.structures around -the
world “which ‘stand-’ as embacrassment
Eo civil engineers due to unsatisfactory
~Two ' such cases
become tourist attractions

are given below.

The &ﬂéaﬁiﬁg Tower. of 'Piza in Italy

is a bell tower .about 179 ‘ft. - high,
built-" during .the 12th -‘centuty. The

tower was .supported by shallow founda-
.tions

E t L]
tlge

about 6
below

.deep.. The . sub-

strata tower Efoundations

.isiéaqd but pockets of clayey matecial

. are  found within . the sand layers.
This has . produced settlemeat . and
tilt . in the  tower, and at présent,
the top of ‘the tower has moved about’
18. €t. from the - centre line.. Last
year, 800,000 - visitors climbed up

_the . 294 . spiral steps -to, the top
of ' ‘the- "tower. ' Measurements ~‘made

.in* June, 1988 shows - that the tower
has  moved furthec by 1.29 mm (0.05 -
inch) during the previous 12 months. -
At the present rate, of movement, -
‘it. .is estimated’ that the tower will

. topple over in about 100 years.
‘success - S
into:

The. -Palace of Fine Arts in Mexico
city 'was  built .in 1904. The sub-
strata’.. in 7 this ‘site ' consists of

very ‘desp layers of ‘alluvial deposits’

of -clay, silt' and sand. The building
' supported on a raft Eoundation.
At present, .the building as a whole
has - settled by- about 9 f¢t,
-differential settlement - between
parts. of the structure is ‘only about
the " original ground

. with £looc
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- .understanding

journals., often ' report

lawless. behaviour of
soils' that has caused. immense damage
to life and-" property. Many
accidents remain hidden in the memories

Engineering
on allegedly

of engineers who have produced unsuccess-

other
" s0il

. ful
unknown
induced

. designs.
facts
progress1ve'

Theseé and many
' _concerning ~ the
enginears

to understand the beheviour of_sOils. -

. Ih 1775, ‘Coulomb 'suggested the following..
" relationship =~ for shear ~ strength
"along a plane . the

o of failure in
"soil mass: . .

s = C + <f’tan'§‘ .

“where s . is the shear strength, c

is the cohesion, & is the  angle
"0of internal friction and Y - is . the .
normal stress. - )
Terzaghi, in '1925, © intxroduced -  the
concept of effective stress which
states that ' '
.’ :
v coo.bao (2)

s Y - 4

where V"l is _the-effective"normal stress,

.~ is the total normal stress and
u is the pore water pressure. Using
this concept, Coulomb's . . original
equation was modified to ' : -

s = ¢ + ¥V tan jb O < B
At present,- solutions ‘to-‘meny' soil
_engineering -. problems ' are obtained-

using the modified Coulomb's equation.
In 1886, Reynold proposed that
" soils and other granular media were
_ dilatant and changed -
" subjected  to shear distortion. '.The
significance of - ‘this .property in
the shear = behaviour
was' not appreciated. for
" many years. Hvorslev and Rendulic,
around - (1936, = were' the ' first people
to correlate the  shear
of  soils with . dilatation. ‘- Hvorslev
-showed = that _the -shear strength - of

of | 'soils -

(54)

more.

all
. over the world to . carry out research[

(1)

- problems.

- stability
. capacity . problems.

.all .

in volume when .

behaviour. .
‘A practising

a soil was a function of the effective

the
ratio -

plane of
in the

the . moment
showed - that

normal stress across
failure and - the voids.
plane . of failure, -at
of  failure. Rendulic '
a unique relationship .exists between
effective 'stresses .and voids ratio
for a saturated remoulded clay.

Hvorslesis. and
not sppreciated
- when ° carefully

The significance of

Rendulic's - work was

until about the .1950s,
planned research was; started - in
University of Cambridge and Imperial
College of  Science & . Technology.
During the last forty ' years,
contributions have been ~ made - in
many . parts of the world

the understanding of  the stress

deformation behaviour of soils.

The main soil _engineering

into . two = classes; one ' class
stability problems and
class known as settlement

The- class  of
problems - includes three main .categories,
viz. ‘earth -pressure problems, slope
_problems, and bearing

Stability .problems
present by

another

are solved at

the -assumption that the soil is |
a rigid plastic. material. The soil
:isp'Assumed . to remain' rigid up to
a certain level of loading,. and
then to yield suddenly with very
large deformation . which ‘does not’
merit calculation. - Usually " a . factor
of -safety is allowed on' this load

in order to determine the safe deSign"
'load. '

The thé soil ‘under
applied ..loads -
only in the case of settlement problems.
Stresses_ dne to ‘applied 1loads are
evaluated making the assumption
that the soil -is a linear ~elastic
material, and . settlements are estimated

using these stresses.

deformation of

‘would ideally
that take

engineer.
have deformations

Sequmbenmean@ehlgaa

like - to-

'Engineer’,

major .

towards .

problems
.. encountered in practice are generally
. grouped
known. as

=staoility'

making .

is .generally calculated .
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-on

.that .deforms .becomes _stronger with'
:deformation and hence the deformation
~ spreads -to other 'portions that. are
‘weaker. On the other hand, in a.
sample that *work-softens”, the
portion of the sample that deforms
become weaker with deformation - and
hence the - deformatlon contlnues
in 'this zone. Therefore results
of - ‘triaxial compression on
normally consolidated ..and
" over-consolidated ~.samples' - in
the samples *work-harden® . during
the shearing process have been used
to develop. the model for shear-
deformation behaviour of soils.

the
tests

. which

3.0 Stress ‘and Strain Parameters

stress the

" The parameters used are
- mean principal- effectlve - stress
p s 1/3(v+ 2. cs ) and the: dev1ator-
. stress q = (v" - V"s ), whereV'
- and qrg are the _effective axla;
and radial stresses  respectively
-in"" the standard. triaxial compression
-test. ° The strdin parameters - used
- are the natural . volumetric strain

v and the natural shear strain € given
by 8€=2/3(8€, - §€,) = (8- TY),
.where §€, and §€, 3re the incremeRtal
natural axial straln end radial
strain - respectively. Compressive
strains are considered to be positive. .

4.0 Critical State Concept .

A portion of the volume change that
-occurs when a sample of virgin consoli-
dated clay is subjected to an increase

in isotropic .stress is recoverable’
the removal . of the stress. As
shown in Fig. 1, in a plot of voids
ratio e ' against log  p, where:  p
'is’ the isotropic stréss; the virgin
- consolidation. line NN is a straight
. line - while  the. swelling 1liné PQ
_obtained on unloading, though slightly
curyed 'is assumed to be a straight
line. Let the .slope of the  .wvirgin.
" consolidation .line NN be - ‘A and
" the slope of the swelling line PQ
be - k. : . . :

(56)

, “d@ny change
lightly - y

. corresponding to

:'l;ne XX
= A . In the (q,p) plot, the critical
.state 'points

.state

soil is sheared

When- 4 -sample of

under undralned or drained -conditions,

the pore water pressure change or“
.volume change that occur with further
. shear = strain ceases. _at_ ,a certain:

stage.- The soil is then said

be: at. a critical state. At - this’
. state, - any ~ further. " shear  strain

meosed on the 3011 will not produce
in the stresses or voids

As shown_,zn Fig. 1, the po;nts
the .critical state
lie - on the 'line XX in (e, 1log_ p)-
plot, and this 1line -is foun to
be parallel to the virgin consolxdatzon
line NN. In. (e, log, q) plot, the
critical state points 1lie on the
- shown whose $lope 15 ‘again’

ratio,

lie. on a straight 1line

that passes  through - "the 'origin.‘
Roscoe, . Schofield and Wroth  (1958)
have  shown the existence .of . '-the
critical state 'line for cohesionless
and cqhesive materials.
The equatlon of the ‘critical state
‘11ne is given by, -

.q = Mp .

.v ooeeeeso ’(4)
-/ Alog_ p

where /~ - is the value of e on XX when

i Wy

5.0 Yield Surface

The isotrometric view of .the yield
surface for a clay, plotted in (p, q, e)
space, is.- shown in Fig. 2. The

domain that lies between the . surface
and “'the q = 0 plane is referred
to as the. yleld domain. It is not
possible for the state of the sample
to ‘lie outside 'this- yleld ‘surface,
and Roscoe and, Poorooshasb (1963) -
referred to  this surface:- as the’
‘boundary’ surface. The loading’
paths for  triaxial tests carried
out on virgin  consolidated  clay
lie on. the .curved part of the yield
surface NNXX. Roscoe and Thurairajah

'Englneer', September/December 1983
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(1964) = .have shown :the ~existence
of a wunique surface for any virgin
consolidated clay on which all loading

paths lie irrespective - of the dra;nage-

condltions ‘allowed.

ABCD in Fig. 2 represents the section
of the state boundary sSurface by
an e = constant ‘plane. The curved
line AD is the loading ‘path followed

by .an undrained test .on a "sample
of wvirgin .consolidated . clay. When
the loading path .reaches "the point
"D, shear distortion takes :place
without - change in ' stress or pore
water pressure, and -the - 'state of
the sample -continues- to .remain at

'D. The portion of the

" is a ruled surface.. -
line and the - intercept BC .on ‘the

'p "= 0 plane ‘increases with decrease
in e.
over-consolidated .
rises from the q =
initially inside the ‘'state boundary
surface, and reaches the ruled . part
of the 'surface. The path thereafter
moves on this surface and ends ?on
the 11ne XX at- the critical state.

sample -of
0 plane, lying

clay

Roscoef' et

al. . (1958) have shown
the existence of the state boundary
surface and . critical state. line
- for cohesionless material.. :
6.0 Bnergy Bquation
Consider a triaxial sample of soil
which is in equilibrium under a
compressive stress ' system with an-

isotropic component p and a deviatoric
_component q. --Let this. sample undergo

a volumetric strain increment S\/ and
shear strain increment §€ due to
stress increments and 04 -imposed
on = the sample. Then for a .unit
bulk volume of soil, the total. energy
" supplied §E' the recoVerabLe- .elastic

energy stored
plastic energy: d1531pated §W. are
related by : o : : -

53- - 5u.§5w='qézl;PSv i.,; ks)
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- This is

surface XXMM .
Ch is a straight .

The- loadlng path for 'a ‘heavily

"§U and the irrecoverable - - = . . ;
7.0 Volumetric. Strain

Roscoe, Scnofiekd and Thurairajah
(1963) - made - the  assumption  that
the change  in internal = energy is

.entirely due to the change in isotropic

component SP of the applied stross
and is .ipdependent of the change
in the deviatoric component § q.
equivalent to assuming that
the soil 1is rigid -plastic in shear
distortion i.e. all shear strain
§C is irrecoverable. The recoverable
energy ' from ' a unit ‘bulk volume of
clay which is -in equilibrium at
voids ‘ratio e ‘under a .mean principal
effective stress p, when p is increased

by S? , has been shown to be

g - ke

1l+e
1f 99 j5 defined as q,r then
T SRR
e AV L du
= q +p — - o—— escees (6)
S . @E’ dE

and are called the.

where p(dv) -’%%

-boundary ‘energy correction and elastic

ener_gy correct_le_n respectively. .

results .of triaxial compression

The - -

tests -on virgin consolidated kaolin
.presented in Fig. 3  and 4 shows
that the corrected deviator stress

the Mp.

qg lies along line qg - _
It .is ' evident from Fig. and . 6

the this. result is . valid - for sand
as well.. T .

Hence the rate 'at which ~ energy is
d1351pated durxng shear distortion
of a unit bulk volume of s$oil which
is in equlllbrlum under the mean
principal ~effective stress P is
assumed to.be SW = Mp S‘E.

The - energy quatxon " then becomes,

qSE +p$v -.5.8.2,-'& Mp 8E .... (7)
. : R l+e . ’ -

due

to- a

Probing Stress Increment
"Roscoe and Poorooshasb (1963) have
(57)
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10.0 Cam Clay Model

For a material that satisfies both
the energy equation and the normality
condition, the yield 1locus, state
boundary surface and stress-strain
relationship can be predicted. This
material is <called Cam clay and

the equations derived are given
below ; - '

i) Stress-path for undrained tests;"

s = H - ..'o_l-. (16)
e I B
A .
- M n -
(—1:12_)_- P log (R /p) ...(17)

where p = Py when q = "’ = 0 -
ii) State boundary surface;

q = %)P' (e ,-e-Alog, p) ...(18)
where e

isotropic virgin -

consolidation line
when p =1, - c

iii) Yield Locus;
q = M loge (po/p)-

.iv) Stress-strain relationship;

o A% (§q-NSp)rA e
8é = ;;( 51- 'l P) TE'SP :

™
eeee (20)
: : , cu - _f
A=k q
SE' = MP-:HeS _M;Q _ * SP

'..-..-. (21)

It should be noted that wusing this
simple model the: strains " can Dbe
predicted making use of the fundamental
constants A, k,, M and e_, all of
which can be determined £from simple
tests. ' S ’

Yoshitani  (1969)
compression

Ohta
out

and
* triaxial

Hata,
carried
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. The

of p |is

‘'is the value of e on the’

ceesse (19)

tests on '.an‘. alluvial clay taking
great care in preparing .the samples.
The loading path for a virgin consoli-

dated sample sheared under . undrained
conditions is presented in Pig. 8.
These results confirm the assumption
made in this model that ‘the yield

surfaqé is bullet shaped.

yield locus. for Cam-clay is
shown in Fig. 9. It is assumed that
the yield 1locus: is .symmetrical about

the p-axis. OX is the projection
. of the critical state 1line. The
equation for the yield locus. shows
that at C where the critical state
line- OX - intersects the yield 1locus,

the tangent to the yield 1locus is
parallel to the p-axis and the value
p°/2.72. -Hence the plastic
strain . increment vector at C will
be parallel to ' the g-axis confirming
that no plastic volumetric strain
is possible at the ' critical state
C. ' The plastic .strain increment-
vectors to the 1left of C indicates
that shear distortion in this' state
will produce expansion in  volume
of .the sample while that to the
right C indicates that shear destortion

will produce ' contraction in the

sample. s

-11.0 Derivation of Cam Clay
Bquations. '

The Cam clay is a material ' that

satisfies the following assumptions;

i) The isotropic virgin consolidation
line has the equation .

e =«/'+AA.- k - )\logep = e

Alo_gep cereee(22)

“and. the isotropic swelling and recom-

pression line has the equation

(23)

e = eb "... escsce

where 7~ ,A , Kk, e are soil constants.

k loge p

ii) Elastic shear strains are zero.

(59)



iii) Elastic 'volumet:ic; strains
are given by the  isotropic
. swelling and recompression line. .

"iv) During yielding,

per unit bulk volume of .soil
is Mp SEP. Hence
aSEP + p SwP - MpSEP ... (24)
This equation represents the yield .
. function in theory of plasticity.
v) Drucker's normality condition ‘is
', applicable, i.e. the plastic
strain increment vectors are
normal to the 'yield locus.:

vi) The size of the - yield locus
is fixed by the value of the
pressure at  the intersection
of the isotropic virgin consolidation
line and the corresponding swelling
line. This gives the hardening
law in theory of plasticity.

The equations given in the - earlier

sections for the Cam <clay 'can be

derived from these assumptions.

It should be noted that the eqguation

of the critical- state 1line is. not

necessary to derive these equations,

and the critical state concept - about
the behaviour of soil is a consequence

of the above assumptlons from theory

of plastlclty.

12.0 - Modified Cam Clay

The yield function and the hardening
law used for deriving Cam clay equations

can be modified to produce slightly
different soil models. Modified
Cam. clay model presented by Roscoe -
and Burland (1968) ~meets some of
the deficiencies of the Cam clay
model. In this model, the energy
. dissipated per unit bulk volume
. of the soil is taken as

Hence, '

q &2 + pSwP= p { v%’ + (MSEP)

' ee. (25)
(60)

energy dissipated

“by

" before

show that ‘the concept of an elastic
limit line 1lying on the state boundary

surface is a good approxlmatxon
for volumetric strains.  However,
plastic ~ shear strains are found

to take place when the loading paths
lie below the state boundary surface.
The revised yield locus suggested
Roscoe and Burland (1968) can
be used to estimate these strains.

13.0 .Concluding Remarks
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years, and
that.
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theory
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then, critical
theory has
change in
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combination
of some
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- The = yield function for the _model:

is ' Co
S!:P . = . .Hz _,QZ esccae (26)

ETL an,

The -yield 1locus for modified Cam
clay then becomes,

g2 + M2 p2 = M2 p P, ceenrevess (27)
which is elliptical in shape, as -
shown in PFig. 10.

‘The Cam clay model assumes that
the strains are entirely elastic
when  the loading path lies. below
the state boundary surface. Experiments

much ~

which -
shear .
Since -

soil -
Critical state soil mechanics ~
which .
deals at the same time with strength, -
stress-strain behaviour and consolidation

of normally consolidated and over-
.consolidated soils. it gives not
only 'a simple qualitative view of -
- soil behaviour. but ‘also a complete

‘Cam clay model can be used to describe

the behaviour of soil uJhder different :

terms
of |



. the soil which can be
.from simple’ tests. It
simplified picture of

determined
presents a
the behaviour

of soil. The equations derived from..
the model <can -be wused -to predict
the deformation in -the soil

mass
‘ under different stress conditions. '

Many deficiencies - have begen ' pointed

out by research ‘workers on the Cam
clay model which was proposed in
1963, and modifications to the -model
have been suggested. The model has

been ' successfully wused . in predicting

the performance in- so0il .engineering
problems involving soft clays and
lightly over-consolidated clays
e.g. embankments 'and oil tanks on

soft ground.

It = should be -noted that
- made by research workers to .improve
theoretical prediction of soil bhehaviour
.mdke use of the concepts of critical
state soil mechanics. Mroz and Norris
*(1982) proposed a soil ' model
smaller yield loci . nested

a. larger yield 1locus. Dafalias
Herrmann (1982) proposed a. bounding
surface’ model where the amount of
plastic deformation associated with
a stress point inside
surface depends on
to an image point
Other models have
by Pender (1982) and - Naylor
These models . are more
‘than Cam clay and their application
involves laborious
for prediction of behaviour.

distance
surface.
suggested
(1985).

the
on the
been
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ELASTIC LIMIT CURVE CHF:

Fig' 7 THE ELASTIC SURFACE CFG AND '
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