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18.3. MOHR-COULOMB FAILURE THEORY

Of the many theories of failure that have been proposed, only that form;
Mohr (1900) has been useful in case of soils. The following are essential points of ME‘I’.E
strength theory -

1. Material fails essentially by shear. The critical shear stress causing failure depe
upon the properties of the material as well as on normal stress on the failure pl

2. The utlimate strength of the material is determined by the stresses on the poto
failure plane (or plane of shear).

3 When the material is subjected to three dimensional principal stres |
G,, 65, 03) the intermediate prircipal stress does not have any influence On the sllren;!_
of material. In other words, the failure criterion is independent of the intermediate pri¥

stress. |
- » # £ » L] - hﬂEJ
Note. For detailed discussions on various theories of failure, see Chapier 19, ¥

effect of the intermediate principal stress has also been disussed.




t €X
was first expressed by Coulomb (1776) and later generalised by Mohr. The

L theor” ed al i

o) a0 B9 ERBES algebraically by the equation. v =5 =F (o) (18.6)
r; 1 = s = shear stress on failure plane, af fajjuge = ; o gL

Wi Fld) fanction of mormal stress = shear resxstanqe of material

[f the normall tar;c: f:ear Stress  corresponding to failure are plutteél, then a curve
; obtained- The plo L € Cf:llwe' is called the strength envelope. Coulomb defined the
ytion F (O ) as a linear function of o and gave the following strength equation :

§=c¢+oc tan ¢ ..(18.7)
e the empirical constants ¢ and ¢ represent repectively, the intercepts on the shear

| 4 and the slope of the straight line of Eq. 18.7 [Fig 18.3 (a)]. These parameters are
| 1 termed as cohesion and angle of internal friction or shearing resistance respectively.




» g Tne LA RahaE
h; \SUREMENT OF SHEAR STRENGTH
3

measurement of shear strength of soil involves certain test obsevations at faﬂgre
Ehmielp of which the failure envelope or strength envelope can be plotted corresponding
) e

.en set of conditions (specially the drainage conditions). Shearing resistance can be
f:ned in the laboratory by the following four methods
1) Direct shear test

(2) Triaxial shear test
3 Unconfined compression test

(4) Vane shear test.
Again depending upon the drainage conditions, three types of shear tests have been:

ped
() Undrained test or quick test

() Consolidated undrained test
© () Drained test.

Iﬂ_ tfle undrained or quick test, no drainage of water is permitted. Hence there
ﬂD dissipation of pore pressure during the entire test. In the drained test, drainage is
:.f: "d throughout the test during the application of both normal and shear stresses
“Wl consolidatiop oc ‘

¢l 1 occurs and no excess pore pressure is set up at any stage of the
41 [S‘{rthe consolidated-undrained test,
2 gyppgq

o _ . dl:ain?ge i1s permitted under the initally applied
bingge 3 al? and full primary consolidation or softening is allowed to take
g, owed .afterwards. The parameters ¢ and ¢ are not fundamental properties
'lhe graph D%t may simply be cctnsidered merely coefficients derived from the geometry
W bigy =y ained b3f .the plotting shear stress at failure against normal stress. Th
ag¢ conditions of the test. e

SO

place.



18.6. DIRECT SHEAR TEST

This is a simple and CO?nt
(Fig. 18.6). The apparatus consis b
The lower half of the boxX 18

used test and 18 performed in a shear., .
m}o piece shear box of square or circyjy, Crﬁ&s?

~oF
Testy

monly

s Of_;ly held in position in 2 container wpjy
1

t a constant rate
. ushed forward a Y Beargg
Tidec d which can be P er half of the boy
allfiea or rollers ::leclric motor or by hand.. The uplfear hox. gad G hddbﬂﬁs g
driven elt.her ?’he coil sample is compacted in the S}’“«‘ o 6, B Detweg,
" v " 1€. # ’
i ;mg, srous stones (or plates). As shown 17 h glf in the lower bot;pef v
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18.6. SHEAR BOX TEST.
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18.7. TRIAXIAL COMPRESSION TEST

The strength test more
commonly used in a research labo-
ratory today is the triaxial com-
pression test, first introduced in
the U.S.A. by A. Casagrande
and Karl Terzaghi in 1936-37.
The solid specimen, cylindrical
in shape, is subjected to direct
stresses acting in three mutually
perpendicular directions. In the
common solid cylindrical speci-
men test, the major principal
stress o; is applied in the vertical
direction, and the other two prin-
cipal stresses o; and o3
(o2 = o3) are applied in the hori-
zontal direction by the fluid pres-
sure round the specimen.

The test equipment spe-
cially consists of a high pressure
cylindrical cell, made of perspex
or other transparent material, fit-
ted between the base and the
top cap. Three outlet connections
are generally provided through
the base : cell fluid inlet, pore
water out let from the bottom
of the specimen and the drainage

=t ol o e

12
4
12
11s—D
SOIL SPECIMEN
POROUS DISC
TOP CAP
RUBBER MEMBRANE
PERSPEX CYLINDER
LOADING RAM
AIR RELEASE VALVE
TOP DRAINAGE TUBE
FIG. 18.7.
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18.8. UNCONFINED COMPRESSION TE

y i is a
The unconfined compression test :
o, =0,=0. The cell pressure in the tri

to the absence of such a con-
fining pressure, the uniaxial test
18 called the unconfined com-
pression test. The cylindrical
specimen of soil is subjected
to major principal stress o, till
the specimen fails due to shear-
ing along a critical plane of
failure.

In its simplest form, the
apparatus consists of a small
load frame fitted with a proving
ring to measure the vertical
stress applied to the soil speci-
men. Fig. 18.12 (a) shows an
unconfined compression tester
(Goyal and Singh, 1958). The
deformation of the sample is
measured with the help of a
separate dial gauge. The ends
of the cylindrical specimen are
hollowed in the form of cone.
The cone seatings reduce the
tendency of the specimen to
become barrel shaped by re-
ducing end-restraints. During
the test, load versus deforma-
tion readings are taken and g
graph is plotted. When a brittle
failure occurs, the proving ring
dial indicates a definite maxi.
mum load which drops rapidly
with the further increage of
strain. In the plastic failure,
no definite maximum Joag is
indicated. In such g2 case, the
load corresponding to 209
strain_1s arbitrarily takep as
the failure load.

special case of triaxial compressig, g
| cell is also called the confining PTESsu?
¢

Proving
ring | ;

' | Deformation
dial gauge

)

o

Conical | Seat ings

(@) The unconfined compression tester

A

U.I:qu

(b)

Failure envelope

!
LQ@

(c)

FIG. 13.12.. UNCONFINED COMPRESSION TEST.
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_\gTH PRESSURE AT REST*
1

) he earth pressure at rest, exerted on the back of a rigid, unyielding retaining structure,
T-alculated using theory of elasticity, assuming the soil to the semi-infinite, homogeneous,
%" | isotropic. Consider an element of soil at a depth z, being acted upon by vertical

. 3Hd

.,:.4=1~U and horizontal stress o,. There will be no shear stress. The lateral strain
y Ov

) the horizontal direction is given by

Eh=%[5h— 1 (Gh+0v)]

«arth pressure  at rest corresponding to the condition of zero lateral strain (e p = 0).
Hence Gn= W (on + cv) or i Ko = - ...(20.10)

e Ko 18 coefficient of the earth pressure at rest.

Designating the lateral earth pressure (o5) at rest by p, and substituting o, = vz,
% have

Po = K YZ

The pressure distribution diagram is thus triangular with zero intensity at z=0 and

:mmltensrty of KoyH at the base of the wall, where z=H. The total pressure P, per
gt for the vertical height H is given by | |

" .

P{}:I Ko yz . dz = 1 Ko yH*

- ! ) «:{ 20.12)
dVv .

Velldefineq ¢ with the elastic theor

; al e _ . Y and do not h

o CXperionce. ue of the Poission’s ratio. Table 20.1 EIVes some value of K, bl

lour of soil is not in accordanc

available

N e
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20.4. ACTIVE EARTH PRESSURE : RANKINE’S THEORY
As originally proposed, Rankine’s theory of lateral earth pressure js gp.
cohesionless soils only. Later, it was extended (o include cohesive soils, bp :
and by Bell (1915). The theory has also been extended to stratified, panigy, .
and submerged soils. Following are the assumptions of the Rankine theory l{ g
1. The soil mass is semi-infinite, homogeneous, dry and cohesionless,.

3. The ground surface is a plane which may be horizontal or inclipeg
3. The back of the wall 18 vertical and smooth. In other words, there are p ..

stresses between the wall and the soil and the Stress relationship for any elemen 4|
. ; M
to the wall 18 the same as for any other element far away from the wall, |

4 The wall yields about the base and thus satisfies the deformation condii:}
r

plastic equilibrium.
However, the retaining walls are constructed of masonry Of concrete, and hen 1
back of the wall is never smooth. Due to this, frictional forces develop. As a consg

of Rankine’s assumption of no-existence of frictional forces at the wall face, the nst

pressure must be parallel to the surface of the backfill. The existence of the friction 2

the resultant pressure inclined to the normal to the wall at an angle that approas )

friction angle berween the soil and the wall.
The following cases of cohesionless backfill

1. Dry or moist backfill with no surcharge.

2 Submerged backfill
3. Backfill with uniform surcharge. :
I

d g,
y Rtga] il

will now D€ considered : T




Bearing Capacity

T

DEFINITIONS

s ing. oting i . | |
1. Footng A fo‘ ng 15 a portion of the foundation of a structure that transmits
s girectly to the soil.

g Foundaflon- A foundation is that part of the structure which is in direct contact
i qnd transmits loads to the ground.

3. Foundation soil. It is the upper part of the earth mass carrying the load of
e sructure.

4. Bearing capacity. The supporting power of a soil or rock is referred to as its
aring capacity. The term bearing capacity is defined after attaching certain qualifying prefixes,
s defined below.

5. Gross pressure intensity (g). The gross pressure intensity ¢ is the total pressure
. the base of the footing due to the weight of the superstructure, self-weight of the footing
o the weight of the earth fill, if any.

6. Net pressure intensity (g,). It is defined as the excess pressure, Or the difference
n intensities of the gross pressure after the construction of the structure and the original
meburden pressure. Thus, if D is the depth of footing

Gn=q-6=q-YD ..(24.1)
were v is the average unit weight of soil above the foundation base.

7. Ultimate bearing capacity (¢)- The ultimate bearing capacity is defined as the
lnimum gross pressure intensity at the base of the foundation at which the soil fails
0 shear. (When the term bearing capacity is used in this book without any pretix, it
My be understood to be ultimate bearing capacity).

8. Net ultimate bearing capacity (g, It is the minimum net pressure intensity
“Wsing shear failure of soil. The ultimate bearing capactiy q; and the net ultimate
Wacity are evidently connected by the following relation :

4=qy+75 ..(24.2) or qir=¢qr— O ..(24.2 a)

here 5 is the effective surcharge at the base level of the foundation.
9. Effective surcharge at the base level of foundation (o). It is the intensity of
"lica pressure at the base level of foundation, computed assuming total unit weight for



table and submerged unit Weight ¢
the portion of th b .

below the water table. B _ | b
. v e net safe bearing capacity
10. Net safe bearing capacity (que)- T & capacity ig .

e soil above the water

, > safety F gt
bearing capacity divided by 2 factor of safety
{ns :Q}_’;l |
11 Safe bearing capacity (qs)- The maximum pre.ssm*e which the 501l
. , ; | |
safelv without risk of shear failure 1S called the safe bearing capacity. Pl

net safe bearing capacity plus original overburden pressure:
gs = qns + yD = ’q‘ﬁi +vyD B

Sometimes, the safe bearing capacity is also referred to as the ultimate bearing ¢,

g, divided by a factor of safety F, |

12. Safe bearing pressure or Net soil pressure for specified settlemen; i

the intensity of loading that will cause a permissible settlement or specified setlope, b
the structure.

13. Allowable bearing capacity or pressure (q,). It is the net loading inengy,
which neither the soil fails in shear nor there is excessive settlement detrimenal ¢
structure.

24.2. MINIMUM DEPTH OF FOUNDATION : RANKINE’S ANALYSIS

Rankine considered the equilibrium of two soil elements, one immediately belov
foundation (element I), and the other just beyond the edge of the footing (elemen |
but adjacent to element 1. When the load on the footing increases, and approaches & &
g, a state of plastic equilibrium is reached under the footing. For the shear failue
element I, element II must also fail by lateral thrust from element I. During the s

of shear failure (plastic equilibrium), the following principal stress relationsip e

4
o) = o3 tan® o + 2¢ tan o sl

i
For cohesionless soil G| = o3 tan’ o A
For element II . G3=0y=yD

c1=os=vD tan® (1)

For element | :

o3=0p =0, of element II

=yD tan’ «
o1 =03 tarf o = yD tan® o
. 1 +sin ¢ |*
gr=yD tan” a = yD
1 —sin ¢

.(24.6)




oAb

.;leNGh'
' [ the effective stress analysis the above expression reduces to
1+ sin ¢' |*
gr=yD [——-i."i‘?- .(24.7)
1 - sin ¢
£q 24.6 gives the bearing capacity of cohesionless soils as zero at the ground surface.

¢ not consistent with the general experience. Eq. 24.6 may be used in the following
e the minimum depth of foundation

. ;;:'Tm ) get
Dpin = 4| 12500 ° S
Y| 1+sin¢

g = intensity of loading.

|
| yhere
13, TYPES OF BEARING CAPACITY FAILURES
Experimental investigations have indicated that when a footing fails due 0 insutficient
' waring capacity, distinct failure patterns are developed, depending upon type of failure mechanism.
' siure is accompanied by appearance of failure surfaces and by building of sheared mass

| i sil. Vesic (1963) observed three types of bearing capacity failures (Fig. 24.2).

! {. General shear failure, 2. Local shear failure and 3. Punching shear failure.

| 1 General shear failure : In the case of general shear failure, continuous failure
| urfaces develop between the edges of the footing and the ground surface, as shown in
g 4.2 (a). When the pressure approaches the value of g, , the state of plastic equilibrium

| breached initially in the soil around the edges of the footing, and it then gradually spreads
| fwnwards and out wards. Ultimately, the state of plastic equilibrium is fully developed
toughout the soil above the failure surfaces. The failure is accompanied by appearance
ﬂf filure surfaces and by considerable bulging of sheared mass of soil. However, the final
b movement would occur only on one side, accompanied by filting of the footing. Such
ellure occurs in soils of low compressibility, i.e. dense or stiff soil, and the pressure-settlement
E"r?’ﬁ IS of the general form as shown is curve a of Fig. 24.2 (d). Following are the
Wl characteristics of general shear failure.
@ It has well defined failure surfaces, reaching upto ground surface

Pressure

v

(b)

Settlement

(c)

~ s
& .
(c) Punching shear failure

FIG 24.2 MODES OF BEA

/
\

RING CAPACITY FAILURES



bulging of sheared mass ot soil adjacey, to ¢ UM
of the footing he f%‘”i
1]

(1Y  There is considcrahlcl ka:

(i) Failure is a‘:mmpﬂmc.d, by. m[m%;ed eak resistance

(iv) Failure is sudden, with P'f’“ou." 4 defined

(v)  The ultimate bearing capacity 15 welll eLIpe T

2. Local shear failure : In local shear Jailure, thcre. 1 Slg"lf_icant COMprgg,.
the soil under the footing and only partial development of state of plagic Equi}-fbw.’ y
Due to this reason, the failure surfaces do not reach the ground surface apg lnl_lrr.
“heaving occurs. The pressure-settlement curve is represented by curve p of Big. 32’4-9?3;,!
where the peak of the base resistance may never be reached. In such g failure, “l‘dl
of foundation is not expected. Local shear failure is associated with soils of high COmpresgih-Tg
and in sands having relative density lying between 35 and 70 percent. The fajjy, islm
sudden. and it is characterised by occurrence of relatively large settlements whc, wﬁ;
not be acceptable in practice. Also, ultimate bearing capacity in such a failure jg not e
defined. Following are typical characteristics of local shear failure : -

Failure pattern is clearly defined only immediately below the footing
The failure surfaces do not reach ground surface

There is only slight bulging of soil around the footing

Failure is not sudden and there is no tilting of footing

Failure is defined by large settlements

Ultimate bearing capacity is not well defined.

3. Punching shear failure : Punching shear failure occurs where there is relatvl
high compression of soil under the footing, accompanied by shearing in the vertical direction
around the edges of the footing. Punching shear may occur in relatively loose sand vil
relative density less than 35%. Punching shear failure may also occur in a soil of m
compressibility if the foundation is located at considerable depth. The failure surface, whih
is vertical or slightly inclined and follows the perimeter of the base, never reaches e
ground surface. There is no heaving of the ground surface away from the edges and ‘n-c.-
tilting of the footing. Relatively large settlements occur in this mode. The ultimate b

capacity is not well defined. Following the characteristics of punching shear failure
(1) No failure pattern is observed.

(i1)

f

o8 Wh B W e

The failure surface, which is vertical or slightly inclined, follows ¥
perimeter of the base.

(i.ii) There is no bulging of soil around the footing
(iv) There is no tilting of footing

(v) Failure is characterised in terms of very large settlements

- (vi) The ultimate bearing Capacity is not well defined.
Conditions for typical mode of failure

; o
Table 24.1 gives the conditions under which a typical mode of failure ma)
Modes of failure of footings in sand

i
- ‘ th-'llw!
' Fg. 24.3 shows the modes of failure of footings in sand. As the relative degasﬁﬁ-
ratio increases, the limiting relative densities ar which failnee fume change inct



.umptions in Terzaghi’s Analysis

|. The soil is homogeneous and isotropic and its shear strength is represented by
Juomb’s  equation.

2. The strip footing has a rough base, and the problem is essentially two dimensional.

-

3. The elastic zone has straight boundaries inclined at w=¢ to the horizontal,
o the plastic zomes fully develop.,

*. P, consists of three components which can be calculated separately and added,

‘ough the critical surface for these components are not identical.

. 3. Failure zones do not extend above the horizontal plane through the base of the
[';*?l“ﬂg, “€. the shear resistance of soil above the base is neglected and the effect of
~I aroy |

nd the footing is considered equivalent to a surcharge o = Y D.



