NPTEL

NATIONAL PROGRAMME ON
TECHNOLOGY ENHANCED LEARNING

CDEEP
IIT BOMBAY

ADVANCED GEOTECHNICAL
ENGINEERING

Prof. B.V.S. Viswanandham
Department of Civil Engineering

IIT Bombay
Lecture No.35

Module-4
On Stress-Strain relationship and Shear strength of soils

Welcome to lecture series on advanced geotechnical engineering being offered by the department

of IIT Bombay so BVS Viswanadham.

(Refer Slide Time: 00:35)

Enfineering

Module 4:
Lecture & on Siress-strainrelationship
and Shear strength of soils




So we are in module 4 and lecture 6 on stress stain relationship and shear strength of soils so in
the previous lecture we introduced about Mohr column criterion and then introduced also pq

space and in this lecture will try to discuss more about the Mohr column failure criteria and.
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The interpretation and its correlation with the pq space and further will concentrate on definition
of failure and inter locking concept in its interpretation that is definition of failure particularly as

far as the fiction is consent with the interlocking concept and its interpretation.

(Refer Slide Time: 01:18)



Engineering

Principal stress relations at fallure:

So as we discussed in the previous lecture we can actually express principle stress relationship
that failure as follows o1=tan’o+2ct where o =45+5/2 and which is also called as the failure plan
inclination and in case if you are having c3=another way has 63 has the major and o1 as the

minor let 63= oltan’45-n/2-2ctan45-n/2.
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Enpineering

Mahr-Coulomb |dealization of Geomaterials

Now the Mohr coulomb idealization of geomaterials if you look into it we have you know a
sample a cylindrical sample subjected to principle that stress 61 and 62 and 63 so here as been
02=63 in Mohr column idealization what has been assumed is that 62=03 as 62=03 and this is
the stress stain variation stress versus actual strain where actual strain in the direction of whether
principle major principle stress so this is the idealization and the slope of this is the elastic

models and this is the curve which we make it and this is idealized in this passion it is shown .
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\ivanced GEDTECMical Engineering
Mohr diagram and failure envelopes

Coulemb, In ks investigations of refaining walls propases
a relationship:

T=C+atang

Where c is the inherent

shear strength, alse
known as cohesion ¢
and ¢ Iz angle of
intermal friction

[ L

So as we have discussed and coulomb envelope if you look into this coulomb has given you
know during the investigations of the returning walls and equation which is actually called as
t=c+otan5 and Mohr envelope as actually given as t=function of ¢ and this non linear envelope
this non linear envelope is actually for more coulomb more envelope and this one is for the

coulomb equation.

So this actually has been itemized to a straight line and coulomb in its investigation of returning
walls proposed relationship t=c+can5 where c is the inherent shear strength also known as the
cohesive ¢ and ¢ is the angle of internal fiction so the criterion continuous two material
constants here ¢ and ¢ and which are actually called as parameters and there are different

methods to determine this shear strain parameters in the laboratory.

They are primarily called you know and track status actually has got you know three different 4
different classes you can say and the first category is that where we do a test with no self
pressure then you know in that case it is actually called as unconfined you know compressive
strength test is called UCS test and when we do this test with you know a self pressure that is
unconsolidated and untrained and when we do you know track test by allowing the consolidation

during by allowing drainage during consolidation and those drainage during shear.

Then it is called consolidated untrained fraction test when we allow both you know during
consolidation as well as the shear it is called consolidated drain fraction compression test so

when we do this as we have discussed with that when we do at different self pressures we get the



different sets of Mohr circles if you are interpreting terms of total stress will get total stress

envelopes if you are actually interpreting in terms of stress effective stress parameter.

Then will get the effective stress envelopes and with that we will be able to get the ¢ and ¢1 so
here in this particular diagram where the more you know envelope is actually shown along with
the Mohr envelope and with the slope of inclination is file and af is that failure plane so the
criterion basically consists of b basically consist of two parameters that is ¢ and ¢ as suppose to
one material constant for the criteria as far the stress criteria is consist and there is only one

material constant.

(Refer Slide Time: 06:14)
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Mohr Coulomb Yield/Faillure Condition
Yielding (and failure) takes place in the soil mass when

mobillsed (actual) shear stress ot any plane (t.)
becomes equal to shear strength [t,) which is given by

1. =t tand’ =1,

where ¢“and ¢ “are strength parameters

flo Fr-o, tang-c=\

So yielding and failure takes place in the soil mass when mobilized actual shear stress at any
plane tm becomes equal to the shear strength tf which is given by so yielding and failure takes
place in the soil mass when mobilized actual shear stress at any plane tm becomes equal to when
tm becomes equal to the you know the shear strength tf which is actually given by
tm=c+ontan5=tf where ¢ and ¢ are the strength parameters then we can write this as in terms of
function of ¢ as t-ctan(-c=0 so this we have written in terms of function of ¢ we have written

like t-on-ctang-c=0.
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| GETTPTIMIcal Engineering

Mohr-Coulomb |dealization of Geomaterials

Mote that the valve of
intermediate siress (o))
does not  Influence
failure <

So one point we need to note here in case of the Mohr coulomb idealization we have discussed
with that because of the you know non consideration of ©2 as can be seen here when you have
ol then 62 and with 63 with minor principle stress for this Mohr circle is actually you know is
contact with failure envelope so where o1> 62> 63 and here note that the value of intermediate
principle does not actually influence the failure so this particular you know the value of these 62
actually does not actually influence the failure so in the case of Mohr coulomb idealization the

intermediate you know principle stress 62 is neglected.
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Mohr-Coulomb Idealization of Geomaterials
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So further to the Mohr column idealization of geometric and in this consider the T versus ¢ and
where you have got a more circle and you have a sample which actually has got you know if the
sample is homogeneous we actually have got the conjugate failure planes in the both direction
and you have got failure plan in this direction you can have a failure plan in this direction and
with that you know here this is the failure plane this is parallel to this is the failure inclination

which is actually shown here.

And so we can write from the geometry of the Mohr circle by consisting a Mohr circle tangent to
the line that is the stress state associated with failure that is at this point and using that geometric
relationship relations the alternate form of t=c+ oftan can be obtained so in terms of principle
stress it can be written has tf can be seen as tf= 61+ 63/2 and of=which this point is nothing but

63+ you know o1- 63/2 so if you look into this, this will become o1+ 63/2.

So this point is 63 0 to it measure san ordinate of 63 and this point actually measures you know
this distance so that is actually obtained as o1+ 62/2 so we can actually write this you know in
terms of principles stress 6- 63/2=ccosn+ c1+ 63/2sind so when we put this in one side and we
can actually write f= 61- 63- ol- 63sin-2ccosPp=0 so that is what actually to be stated here
where f= c1- 63- clsind-2ccosn=0 so this you know we actually reduced from the geometric

relationship by satisfying the geometric relation and from the geometry of the Mohr.

(Refer Slide Time: 10:35)
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Relafionship belween K line and Mohr-Coulomb failure
envelope (in terms of principal shresses)
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And this was actually earlier we have actually when we have done with relation between the kf
line and the Mohr coulomb failure envelope and this also can be expressed in terms of you know
principle stresses and when we plot pq plot with g=c1- 63/2 and p= 61+ 63/2 when we plot so
when g= 61- 63/2 and p= o1+ 63/2 and when you plot this is the kf line and which is actually
inclined at an angle y so when we compare you know typical Mohr circle and this thing when
we said that yd=tany and c=a/cosmn so by using this also we can get the other form of =c+ ctan
¢ as o1- 63/2=ccosn so with these also we will able to get expression which we are talking here

s0 61- 63- o1+ 63sind-2ccosp=0.

(Refer Slide Time: 11:49)

Maohr-Coulomb([MC) lailure criterion

With no order implied by the princip.

—m=l =0 —
i = m T

b= Gy =

ml!

l<a<l

Now with no harder implied by the principle stresses c1, ¢ 2, 6 3 the more coulomb criterion
can be written as in the form of this 6 equations and this represent to 2 equation this represent to
2 equations where this is nothing but plus or minus ¢ 1- ¢ 2/2=a. ¢ 1+ ¢ 2/2+b+-c 2-0¢
32=a.c 2+ o 3/2+tb+-c 3-0 1/2-=ac 3+ o '»+b where a=m-1/m+1 that is a=m-1/m+1 and
m=c0/t0 which is nothing but 1+sin¢/1-sin¢ and b=1/m+1 and cO=m/n+1 where t0=co/2.1-sin

where a is actually within 0 to 1 that is 0<=a is within 0 >a>1
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Maohr-Coulomb[MC) lailure criterion

Iy 18 the thearetical MO uniaxial ensile strength  that s not
observed in experiments; rather, 8 much lower strength T is
measured (e, =, &, = =T, with the fallure plane being normal

fo o, C, B the theoretical MC unkxial compressive sirengih,

So the c0 and t0 are actually defected here and c0 and t0 are depicted here and which is shown
here are the c0/t0 which is nothing but the ratio of these two c0/t0 and this is the you know
typical failure envelope with you know the Mohr circle ¢ and Mohr circle d so we have said that
there is a 6 equations are there and where in we actually have got a=m-1/n+1 m=c0/t0 and

b=1/1+1 where c0=m/m+1 and t0=c0/2.1.sin¢ and where a is in between o to 1.

So this t0 is theoretical Mohr coulomb in action that is on the negative side of the Mohr circle
you can see that is T plot and that is not observed in experiment rather a much lower strength t
is measured and 61=0 and 6 t ¢ 2=-t that is shown here so with the failure plan being normal to
failure plane being normal to ¢ 3 plane so ¢ 1 plane is here ¢ plane being normal to the ¢ 3
plane so c0 is theoretical Mohr coulomb initial uniaxial tensile so cO is the theoretical Mohr

coulomb uniaxial system cO is the theoretical Mohr coulomb uniaxial compressive strength.



Now the shape of the failure surface in principle stress say space is dependent upon the form of
failure criteria so the shape of the failure surface in principle stress space is dependent upon the
form of the failure criterion linear functions map as plans and non linear functions as theoretical
surfaces so the shape of the failure surface in principle stress space is dependent on the failure
criteria primarily it is linear functions map as planes and non linear functions as curve linear

surfaces.

So the following 6 equations the equation which we have said you know just we have discussed
or represented by 6 plans that intersect one another along with the 6 edges defining the
hexagonal permit so the following 6 equations which are actually discussed just now or
represented by the 6 planes that intersect one another along the 6 edges of the defining the

hexagonal pyramid.

(Refer Slide Time: 16:00)
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Pyramidal suface in principal shress space and
cross-sechion in the equl-pressure plane

i
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This Is ihe fallure surfaee en the equipressum
A (o ra e = constand ) or Z-plane perpendicalar e

Fi thehydrostatic axis, where MC can be described
s an (rregular heusgon with sides of ayuul length.

So that is you know these 6 edges which are actually defining this hexagonal pyramid that these
equations actually represent this equations represent you know the 6 planes that intersect one
another along 6 edges defining the hexagonal pyramid so these is the you know the failure
surface that means this is the failure surface and this is the hydrated axis see where 61- 62= 63
and this is the failure surface on equaling pressure on the equal pressure plane o1+ 62+ 03=

constant are 7 plane is also called as the © plane perpendicular to the hydrated axis.



So perpendicular to the hydra tic axis so you know this if you take the projection of this one you
will have the this is the pyramid surface which is in a hexagonal pyramid surface and which is
also called as the pipe line which is actually perpendicular to the you know perpendicular to the
hydra tic axis and where Mohr coulomb criterion can be described as a irregular hexagon with
sides of equal where Mohr coulomb criterion can be described as irregular hexagon with sides of

equal length.

So here the pyramid surface in principle stress space and cross section equal pressure plane is
actually given here and these the equation which you know which are shown here a actually
represent the all the 6 edges which are forming the hexagonal pyramids of the surface and the
failure surface on the equivalent pressure that is 61+ 62+ o3=constant or 7 plane perpendicular
to the hydrostatic plane axis where the Mohr coulomb criterion Mohr Colombo can be described

as irregular hexagon with sides of equal length.
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Mohr-Coulomb In Principal stress space:
Istropy  requines threelold

SYITImeEry 1 k1N un

should  not  influence  the
failure  surface  for am
sdrople  materal.  Note
that, the filare surface
need only be given in any
o of the
Mohr-Coulomb  failure
Is Irregular
n in principa

shress spoce

So this is the irregular hexagon with actually shown once second here where this is hydrostatic
axis and here is the point the isotropy requires three fold symmetry because an interchange of o1,
62, 63 should be the failure surface an isotropic if you have an isotropic material he requires 3.4
symmetry because of the interchange of 61, 62, 63 failure surface for an isotropic material note

that the failure surface need only be given in any one of the 60 degrees that is one of the



60degrees so note that the failures surface will need only be given in any one of the 60 degrees

regions and Mohr coulomb failure surface is irregular hexagon in principle stress space.
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Mohr-Coulomb in Principal stress space

Consider the fransformation fram principal stress space
(&, 0, @) to the Mohr diagram (o, 1).

» Although the radial distance from the hydrostatic
oxis to the shress point is propodional te the
devigtoric stress, a point in principal shess space
does nol direcily Indicate the value of shear siress on
a plane.

» However, each point on the fallure suface in
principal stress spoce comesponds to a Mohr circle
tangent to the lallure envelope

Now consider the transformation from principle stress space 61, 61, 63 so although the radical
distance from the hydrostatic axis to the stress point is proportional to the deviate stress space
does not directly indicate the value of shear stress on a plane however each point on the failure

surface in principal stress space corresponds to a Mohr circle tangent to the failure envelope.

So the radial distance from the hydrated axis to the stress point is proportional to be stress a point
in the principle stress space doe not directly indicate the value of stress on the however each
point on the failure surface is principal stress corresponds to a Mohr circle tangent to the failure
envelope so further you know extending the discussion for the particular case where the 62 is

either intermediate.
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Mohr-Coulomb in Principal stress space

In the order 61>62>63 the failure surface is given by the side ACD of the hexagonal pyramid
the failure surface is given by the side ACD of the pyramid of that is there side ACD of the
pyramid as shown the principle stresses at point D represent the stress state for a rational
compression test where 1 and 62=c3 at point d and d is given by circle d in the more circle

diagram the point is given by the Mohr circle d which is actually shown here.
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Mohr-Coulomb[MC) failure criterion
Vo 0x e theoreisen] MO waisl tensile stremgth  that 5 nol

ohserved in experiments; rather, a much lower

measured (o, =0, g, = -T), with the faflore plar

Ly 8 The theoredical MO uninsial compressive sirengih,

This is the Mohr circle this is actually shown.
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Mohr-Coulomb in Principal stress space
# For the particular case whore o, is the imntermed ints Erncipnl
slress 1@ Lhe prder o o = ey, Lhe Taillwre sur
side ACD af the hexsponal pyr amuid, Ths
piEl L} represent the siress siale foar [F| WX

= Poinls lvimp om the line CLIY {(on pyramid [silure surface)

Similarly for point C with persistence ¢ 3 and ¢ 1 = 62 associate with the drag shell extension
test, more circle C depicts the stress state, where point D and C can be viewed as the extremes of
the intermediate stress variation. So where points D and C can be seen as the extremes of the
intermediate stress variation and the normal and shear stresses correspond to failure are given by

points DF and CF.

So this indicates the CF and DF indicates the extremes of the intermediate stress variation. So it
can be seen that this CF and DF will give the failure points. And so for this is for the drag shell

test and where more circles D depicts the stress state and points D and C can be.

(Refer Slide Time: (22:00)
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Mohr-Coulomb in Principal stress space

Consider the ransformation frem principal siress space
(0,, 0, 0,) fo the Mohr diagram (o, 1).

» Although the radial distance from the hydrostatic
axis to the siress point is proporional to the
deviatoric stress, a point in principal stress space
does not directly indicate the value of shear stress on
a plane.

» However, each point on the fallure surface in
_ principal stress space comesponds to a Mohr circle
tangent to the failure envelope

NPTEL

So, this is for the tracheal test and we are most circle P state points C and D can be used as
extreme of the intermediate stress variation and the normal and shear stress or correspondent to
failure or given by points DFN and CF and points lying on the line CD on the perimeter of the

failure surface represented by circle between CND so points lying on the line CD.
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Fyramidal surface in principal stress space and
cross-sechon in the equi-pressure plane
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This is the [aibure surface an the equipmssomn
(o boye conslant) or n-plame perpendicular o
thehydrosiatic axis, where MO can be deseribed

s am brregular hexagen wilh sides of equal lengih.

And LS lying on the CD there is this represented by the E.
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Mahr-Coubomb in Principal stress space

F milarly, lor poml © with principal stresses (o, o
led with a triaxial

£ Points Iving on the line CI) {on pyramad Imilure surface) will b
represented by circles between O and [
HPTEL

By the represented between circle CND that is.
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Mohr-Coulomb{MC) failure criterion

# The shape of the failure surface in principal stress
space is dependent on the form of the failure
crterion: linear funclions maop as planes and
nonlinear funclions as curvilinear sufaces.

The following six equations below are represented by
six planes that intersect ane another alang six edges,
defining a hexagonal pyramid.

Talking about circles between C and D and has can be seen hexagonal you know per mental
surface has the corners that way sometime create problems in computations however this
particular difficulties quite easily overcome by introduce single local rounding of the corners

according to Griffide,1990.

So, the more column in space which is hexagonal perimeter surface has corners that may be
sometimes create problems in computation so, this particular difficulties is quite easily overcome

by the introducing the local rounding of the corners overcome by the Griffide,1990.
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Mohr-Coulomb model in p-g space
As described earlier,

Fofo = ")=(r s, sin =2 cosgf = 0
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q= (7 - )

So, as we have discussed in other way of describing F=c-+tan5in the terms of principle stresses as
F=(c1--03+_(01’+ 65°)sin-2¢* cosd=0. So this can be obtained further in order to make attempts
to derive a consistently conditions of the more column in space with P’= where specific volume
is equal to . +E and P’ is equal to 1/36,’,6,’+03’and Q=square root of(c,’-65")*+(c2’-05")*+(c1’-
0,")*/2s0 in the whole divided by 2 and for tracheal conditions as we have set the when you have
got the tracheal sample at the 0,’=03;’.When we have this equation when we have got this

P’=1/3(61’+20,")and q=(c1’-62).

We have got simplify these here we can write o©,’=3p’-26° so o;’so if you put
P’=1/3(0,’+20,’)and q=(c,’-6,") we will get 61°=3"-26" and 05’=06,’-q is you substitute g=(c,’-0>")
we will get by using these values with q=(c,’-6,") 03’=0,"-q we will get q. This particular
equation and what we get is that as the 61°=3p’-26” when you substitute with 65’=c,’-q equation

you get 61’=3p’,06,’+2q=3p’+2q/3where p’ is equal to P’=1/3(c,’+20,’) and qg=(c1’-62").

So, when you substitute 63’=3p’-263’-q these with o1’=3p’-26’ you get =3p’-q/3,now when
we put these both equations o1’=3p’,6,’+2q=3p’+2q/3andc3’=3p’-205’-q we get

(o1’+05”)=6p’+q/3and which is you know when we add to this.
(Refer Slide Time: 27:05)



Maohr-Coulomb model in p-q space
As described earlier,
F -{u.’-fr,']-[u',‘-l-u',’]ah #=te'omg=0

o'=ip'-lm' @'=m g
v=l4e
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When you substitute in this equation o3 that is nothing but g=sinn5+6p’+q/32ccos/so by
simplifying this we get3q=6p’sin(6p’[+q/3)+2cos so what we get is the at 3q when you do the
correspondent relation=6p’sin+qsin+6¢ cosso the equation actually has got ¢’ and here also
¢’ so q=6sin¢)/3-sin’*p’+6¢ cos’/3-sind’ so this actually indicated as q=npp’+cx where
9=6sin’/3-sin and ¢’=6¢ cos/3-sind’ where this is actually called as formulation for the Mohr-
coulomb model in p-q assuming that idle plasticity condition we can write F[p’,q]=q-np’-c’= so

by taking the differentiation with respect to p” OF/9p’dp’+9F/Qq*dq=0.

So this is actually condition which is called as far as the Mohr coulomb model in concern so
what we have done is that from you know the alternative way of expressing F=(c--65 - ( 6,’+
o3))sind-2¢* cosp=0 which we have taken from these considerations of by using these in
variations P’=1/3(6:’+26,") and Q=square root of(c1’-63’)*+(c2’-05")*+(6:’-6,")*/2and for

tracheal conditions 6,’=c3’we got.

P’=1/3(0,’+20,’) and q=(o:’-0>") so what we have written is that we have written (c,’+262’ ) so
this is actually expressed. When we have this equation when we have got this
P’=1/3(6,’+20,")and q=(c,’-6,")We have got simplify these here we can write 61°=3p’-26’ so
o:’so if you put P’=1/3(c,’+20,")and q=(o:’-0>") we will get 61°=3'-,6" and o03’=c,’-q 1S you
substitute q=(c,’-0,") we will get by using these values with q=(c,’-6,") 63’=0,"-qwewillgetq. This

particular equation and what we get is that as the 61’=3p’-26” when you substitute with 63°=c,’-



q equation you get 61’=3p’,6,’+2q=3p’+2q/3where p’ is equal to P’=1/3(c1’+20,’) and q=(o,’-
Gz‘).

So, when you substitute 63’=3p’-265’-qthese with ¢,’=3p’-26” you get =3p’-q/3,now when we
put these both equations 61°’=3"20,"+2q=3p’+2q/3ando;’=3p’-265’-q we get (o,’+03’)=6p’+q/3
now this particular expression which is you know for q its normal and then the simplification
yielded the Mohr coulomb modeling the which is qg=nup’+c» where =6sin¢’/3-sind’ and ¢’=6¢
cos @/3-sind’ where particularly qg=6sind/3-sin¢’*p’+6¢ cos¢’/3-sind’ so the Mohr Coulomb
Model equation expressed as the result of the above equation causes F[p’,q]=q-np’-c’ that idle
plasticity condition you know which causes the more geometrical in coulomb material function

of p” OF/9p’dp’+9F/Qq*dq=0 which is actually called as the consistency condition.

(Refer Slide Time: 32:50)
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Limitations of Mohr-Coulomb theory:

Now some limitations of Mohr coulomb theory this we have discussed but we have again
elaborating so one of the prime limitations we actually said is that more envelope you know is a
curve the coulomb equation is a straight line so within the usual range of experimental range in
the laboratory what has been done is that the it is actually zoomed as circular that is for the
within the usual experimental range in the laboratory so possible the geometric calculations can

be interpretation calibration because of the linearization.

(Refer Slide Time: 33:58)



Maohr circles for three dimensional shate

2. Effect of intermediate principal stress o
at failure.

# It is obvious that a; can have no influence on the
conditons at fallure for the Mahr fallure erterdon, no
matter what magnitude it has

# The intermediate principal stress o, probably does
have an influence In real scil, but the
Mahr-Coulomb fallure theory does not consider it

You know calibration and then second is that the effect is that intermediate stressc,’ in the
condition of failure though we actually discussed that it is you know influence in the failure but
it is obvious that 6,haveno conditions at the failure for more failure and no matter what mature it
has so though in the Mohr coulomb criterion which has no limitations but these obvious 6, can

have no influence on the conditions at the failure and no matter.

What is the magnitude of the 6, and the intermediate press 6, probably it has having influence in
real soil but the Mohr coulomb failure theory does not consideration it. And Mohr coulomb

failure material is well approval for most of the geo materials but data for clays is still.

(Refer Slide Time: 34:40)



3. Mohr-Couvlomb failure criterion is well proven for most
of the geomaoteriols, bul doto for

4. Soils on shearing exhibit varioble volume change
characteristics depending on

which cannot be accounted with Maohi-
Coulomb theary,

5. In soft soils volumetric plastic strains on shearing are
compressive whilst the Maohi-
¢ Coulomb model will predict continuous dilafion.

HPFTEL

Contradictory that is one of the limitations and the soils on shearing exhibit variable volume
change characteristics in difficult upon the pre-constellation pressure and which cannot be
accounted with more coulomb theory and soft soils volumetric plastic plains on shearing are
compressive native shearing take place while is the Mohr coulomb model predict continues
dilation so the in soft soils are lose sands the volumetric plastic strains on shearing compressive
in nature that is the unheard of native dilation and while is the Mohr coulomb model will predict

the continues dilation. So this is also stated one of the limitations of the Mohr coulomb theory.
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Definition of failure :
Mohr-Coulomb failure criteria:
* Failure alo s by cr tical
combinati
fles)

C + atandg

ress is function of material cohesion (c) and

» of internal friction ()

Now the definition of failure when you further you know connect ourselves to friction and
interlocking conception order to connect the let us looking to what is the definition of the
failure and failure along the plane in a material occurs by critical combination of normal inertia
stress that is when we have =C+ctanf so the shear stress is the function of material cognition or

soil inherence strength and angle of internal friction.

So this internal friction can be due to you know the sliding friction the sliding which is actually
can happens between two particles on also due to interlocking that is you know one particle
logged into other particle and then there is depends upon the shape of the particle like an
angularity and size of the particles. So the failure along the plain n a geo metrical occurs by
critical combination of normal and shear stress ¢=C+oc tanJI so the shear stress is the friction of

cogniciency and angle of internal friction.
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Definition of failure ;

So, if you look into the in the definition of failure when we have an ¢ ¢ envelope and when we
have a point A stress point A and this is actually said that is stable low failure occurs and but
when actually the no she failure occurs for A when it is actually I on the failure envelope and
when it actually on the failure envelope then it is you know the shear failure occurs and this is
the ¢=[c] represented here and when it is here that means said you know the stress rate cannot

exist above the envelope that is the failure would have already taken place.

Similarly very good draw more circle above the envelope that the implies that failure already
taken place so the point C is cannot exist and point B which is act failure and point A is actually

stable the safe against the failure.
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Flow Rule for Mohr Coulomb

Faor Mohr-Coulomb flow rule
is defined through the
‘dilatancy angle' of the soil. Plkalic oL

hnchon +

Wik il

Glo)= 1 - o tany = const.= 0

where ' is the dilatancy
angle and '

We can also look into the flow rule for Mohr coulomb dilatancy angle and for Mohr coulomb
flow rule is define through the dilatancy angle of the soil where G of 6’=¢-6’N tan 1’ more
constant is =0. So this is the plastic potential function so this is the you know for the directness
angle so V=o0"=(-c¢" N tan n’-constant=0 where 1’ is the heritance angle and which is actually

less than the angle of internal friction and which is the angle of internal friction.

(Refer Slide Time: 38:48)



I Enmineering
Interlocking concept and its interpretations ;

Frictional soil behaviour is mainly influenced by two factors:
1. Frictional resistance between the soil particles.

2. Toexpand the soil against confining pressure (Cilatancy).
So, angular friction can be defined as:

th= 'l'. + lll

3. where, ¢ is angle of sliding friction between mineral surfaces

and [} is the effect of interlocking.

Now the interlocking concept of influence look into it the frictional soil behaviour mai9nly
influenced by the two factors one is the you know frictional resistance sliding distance between
the you know shear particles upon shearing into expand the soil against the comparing pressure
so then the soil which is actually get undergo increase in volume upon the shear under confining
pressure so and angular friction can be defined as JI=pu+f .where angle of sliding friction

between the surface and f is the effect f interlocking.

Where that is also combination which is can be set as because of the angularity of the particles
and all so where JIu=JI+B is the angle of sliding friction between the surfaces and B is the effect

of internal locking.
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Interlocking concept and its interpretations

p=d, + '\
b waries with the nature of packing of

Denser the packing, higher is the valwe of ¢

So, the five varies with the nature of the packing of the soil so dense of the packing is the higher
of the value is five. Thus density packing that is a tie in given volume if there are more number
of particles are there then it is called as denser packing the higher is value of JI. If ¢ is the value
of the strength and B must be change in the dense of the particle so if ¢ given of the constant let
us say the particular angularity and particular shape and if it is constant B is must change with

the dense of the solid particle so,

B increase the density of the soil because of the more work top be done work come the
interlocking. so because of the particles are get locked dense of conservation the soil is actually
as to work a lot in order to undergo this movement and so B increase the dense thickness of the
soil due to shear and because more work to be some overcome the effect of interlocking which is

actually arrives due to shear.
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Interloacking concept and its interpretations :
Effect of anzularity of soll particles:
+ Soil possessing angular soil parficles will show

higher friction angle than that of rounded soil
particles.

Because angular soil paricles will show
greater degree of interlocking and higher
value of [},

So the effect of the angularity of the soil particles if you looking to it the soil posses angular soil
particles will show high friction angle. Effect of angularity of soil particle if you look into it soil
possessing angular soil particles will show high friction angles than that of rounded soil particles
because angular soil particles will show a greater degree of interlocking and higher value of 3 the
so called this B will be high for you know angular soil particles because of the greater degree of

the interlocking the higher value of B.
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Interlocking concept and its interpretations :

+ |4 is the tunction of dilatancy af the soil,

So, further the interlocking concept within the interpretations with dilation so if you look into
that here B is the function of the you know the dilation of the soil so if you take loose
arrangement of the grains of you take a spherical grains these are the void spaces so when they
are subjected to vertical you know vertical stress and they will shear in the horizontal direction
and if this is the case the soil actually under goes you know negative dilation in the sense that the

soil under goes compression and which actually takes place like this.

So this is the you know called as negative dilation so the volume deceases here. But here when
you have soil particles which are actually you know dense then you can see that there is you
know the increase in the water volume takes place so, in this interlocking concept interpretations
can be interpretive by taking see saw concept analysis when you were in if you take into

consideration then we can see that so called direct agency angle in other concept can be success.
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Interlocking concept and its interpretations :

So the interlocking concept and the interpretation with dilation for the loose sand the volume
decreases with shearing that is called negative dilation. And for dense sand the volume initially
you know very marginally decreases and then there are after it shows actually increase in the,
you know the dilation so this is increase in the volume upon shearing so and this is show that in

this actually the tendency of this decreases with increase in confining pressure.

So let us consider the interlocking concept and interpretations and the dilation shear response as
we said that the one of the if you do by using for determine in the shear time the soil is the direct
shear that is that tubes placing A soil mass in the box and then the two boxes and we envelope
the box to undergo the movement then you can see that you know the shear is a applied along in

the predetermined failure plane which is horizontal.

So here this is for the dense sign where Q/P verses X deflection so the Q is the shear force, and P
is the normal force and so this is for dense sand and this is for them loose sand. So loose sand
actually has under gone you know there is a compression and then dense sand here where it can

be seen that the shear which is actually under goes in the movement with this.
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Interlocking concept and its interpretations :

We can actually calculate what is the you know the friction angle with the reference to
application of the so called the dilation so here the total work done=DWA which is nothing but
P*AY that is in the vertical direction and QAX that is in the horizontal direction so worked done
into P*AY and Q*AX so we can write PAY+QAX=counted by pPAX that is the friction which

actually mobilize the along one.

So by dividing AX=p-Q/P simplify this what we get is that A/Y=pQ/P and which is nothing but
tan ¥ and where tan WP=tan ¢pn+tan ¢c where Pm=pc+¥ so this alternatively we can say that
¢m=pc+¥ so what we have done is that in the inherence into interlocking concept of
interpretation that the total work done is = PAY+QAX and the we divided by the right through by
AX and that we have A/Y=pQ.

And then we simplified further what we have got is that AY/AX=p that is the sliding friction by —
Q/P=tan ¢/¥ is the nothing but the so called inclination of one that is called AY/AX and which is
nothing but you know tan ¥ =tan ¢m that is the due to friction —tan ¢C that is because of the
interlocking and so with that ¢C=tan in verse u ¢C=tan in verse p and which we have written
here. And alternatively we can write ¢m=pC+¥ so that is what actually we have said the

deliberation discussed just now.
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How to understand dilatancy
l.e., why do we gel velume changes when applying

shear stresses?

Simple analogies (interlocking saw blades, dense packing of grains)

#The apparest ext Iv mahilized sngle of friction sn harimatal planes ()
i ing on the inclined planes (§;).

virenglh = friction + dilatancy
HFTEL

How we understand so called dilatancy so why do we get volume changes when apply the shear
stresses and this is can be a explain with a simple analogy which is saw blade you can see that
the orientation of these plains they are upward this is the shear directions and this is the normal
stress and the similarly what will happen is that when the particles are under dense configuration
when it subjected to shear the particles will raid an another particle and we subjected to similar

analogical movement.

So the analogy is actually brought between the inter locking blade and dense packing of the
grains so the simple analogy which we can actually relate is that interlocking saw blades is that
with the dense packing of the grains when its actually acted to shear you know the inclination of
the interlocking blades is that the dilation angle and this angle and that angle is actually

represented here the .

So which is ¢=P+¢m that is the due to the friction the angle of friction of horizontal plane ¢ is
larger than the angle of friction resisting the sliding on the inclined planes so the strength is=
friction +dilations. So it is actually nothing but actual strength of the soil is friction +dilatancy so
the when the angle of internal friction is not only that it has actually got only friction and also got

component of the dilatancy. Now this further you know can be deceiving two initially dense.
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How to understand dilatancy

Bolton, 1991

And critical and initial loose conditions so in case of initially dense the particles actually have
no way to move except they have to raid on one another. So the raiding of the particles takes
place on the one particle raid on other particle so the orientation of the see saw blade can be seen
on the upward directions. in case of critical condition where you know can see that the horizontal
in case of initially loose soil you can see that inclined down that means its actually go down

under pressure.
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How to understand dilatancy

*When soil is initially denser than the
crilical slate which it must achieve, then
as the parlicles slide past each other
owing to the imposed shear shrain they
will, on average separate.

*The paricle movements will be spread
about mean angle of dilation ‘¥

When the soil is initially denser than the critical state it was acute particle slightly dense to the
move into the they will have average separate so, the soil is initially denser than the critical state
in achieve you know the denser configuration the particles slide each other going into the

imposed then they actually got to separate.

The particle movement will spread about an angle and that is actually called as dilation see the
orientation sub lead here so this is analogy and this is actually what happen in the real soil. The
orientation which is occur in the initially soil, when the soil is initially loose soil then there in the
final critical state then it will tend to get looser together as the soil is disturbed, and the average
angle dilation will be negative indicating a contraction. So that is why the saw blade you know
the inclination or plane of inclination is actually shown below. So this is initially loose soil tend

to become you know denser here and.
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How to understand dilatancy

» If the density of the soil does not have to
change in order lo reach a crilical stale
then there is zero dilalancy as the soil
shears at constant volume,

# It is important fo realise that a critical
state is only reached when the particles
have had fll oppeorunity lo juggle
around and come info new
configurations. If the confining pressure is
increased while the particles are being
moved around then they will tend to

7 finish up in @ more compact state.

HFTEL

When we have you know have a place where it is constant in sense that critical tense in if the
density of soil does not , in critical change there is no volume occurs so the density of soil does
not have t change in order to reach a critical state then there is 0 heritance soil shear at constant
volume so that the soil shear takes place at a constant volume so it is important to realize that the
critical state is only reached when the particles they have full of opportunity to juggle around and

then come into new volume formation.

So the confining stress is increase where the particles are being moved around then they will tend
to finish up in the more compact state. So we have seen for any initially dense state and initially
loose state and also in a critical state and also in a critical state the density of soil does not have
to changed in order to reach critical state then there is zero dilatancy on the soil at here in
constant volume and it is important to realize that critical state is only when reached the particles
had full opportunity to juggle around and coming to new consolations so if the confining stress
increased when the particles are moved around then they will tend to finish around more

compact state.

So, in this particular lecture we try to understand about Mohr coulomb and the hexagonal surface
and also we discussed the consistency conditions as far as the Mohr coulomb condition is
concerned, and there after we actually introduce ourselves to interlocking concept and then we
also said that introduce to that when the soil is particularly in the dense soil or more dense sand

soil when it under goes shearing we said that it is going to experience the phenomenon.



Which is called dilation and the angle is called dilation angle and that is actually is phenomenon
is called the angle which is called the ¥ dilatancy angle, and the dilatancy angle you know
decreases suppress of the dilatancy or dilation phenomenon can be observed once there is the
increase in the normal stress. So we will further discuss in the fourth coming lecture after
having introduced about the you know the different methods for the determining shear strength
in further will connected with once.
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