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Stresses Within Soil

» Soil consists of: solids, water and/or air

# The engineer needs to know the distribution of stresses at any point in the

soil mass to analyze problems such as:

-

Settlement of soils

* Bearing capacity of foundations

Stability of slopes

-

Lateral pressure on retaining walls

Components of Stresses in Soil

1. Existing overburden pressure due to soil self weight)

Ov = vertical normal overburden pressure
Oh = horizontal normal overburden pressure = kOv

since, Ov 2 Oh .

T = shear stresses accompanying Ovand Oh
ground surface Fl

: l(‘,‘; i

C,

v

2. Added loads and/or excavation

q)

== ==
.crlz(q)

.
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Stresses Due To Overburden Pressure

» For a saturated soil deposit (y ) with CWT
groundwater table above Iq“ i dabacs

* The total vertical stress (0) at depth (z) equals the
weight of solids and water per unit area above

that depth:

O = YsarZ + Ywhy

» The total vertical stress (o) is divided into 2 parts:

1. Portion carried by water in voids =
pore-water pressure (u)

2- Portion carried by solids at their

point of contact = effective stress (0”)

The total vertical stress () can be expressed as:
c=u+og’

Overburden Stress Distribution with Depth

GWT

®

6=y,z+y.h, uw=y,lh,+z) d&=0-u

LIRS |

Total Stress

When a load is applied to soil, it is carried by the solid grains and the water in
the pores. The total vertical stress acting at a point below the ground surface is

due to the weight of everything that lies above, including soil, water, and
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surface loading. Total stress thus increases with depth and with unit weight.

Vertical total stress at depth z, sv=9.Z

ground surface
M

7 ]

=

2 G, —»

ﬂ-'-'
Below a water body, the total stress is the sum of the weight of the soil up to

the surface and the weight of water above this.

sv=g.Z+gw.Zw

Ly
water
—
soil
Z Oy
4 G, Oh

Pore Water Pressure The pressure of water in the pores of the soil is called

pore water pressure (u). The magnitude of pore water pressure depends on:

e The depth below the water table.
e The conditions of seepage flow
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¥ _||_free water
T surface
| |
h _¥_| | water table
EI

] !

Under hydrostatic conditions, no water flow takes place, and the pore pressure
at a given point is given by: u = gw.h

where h = depth below water table or overlying water surface

The natural level of ground water is called the water table or the phreatic
surface. Under conditions of no seepage flow, the water table is horizontal.
The magnitude of the pore water pressure at the water table is zero. Below

the water table, pore water pressures are positive.

The total stress at A is calculated from:

The weight of the water above A

1

o= Hyw + (Ha - H) ysat Water Il

o= Total Stress at A H
A

yw = Unit Weight of Water Soil

ysat = Saturated Unit Weight Y

L

Ha = Height of A to Top of water

H = Height of water

* o 1s the stress applied to the soil by its own weight

* As you go deeper in the soil mass, the stress increases
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* Like in a swimming pool, as you go deeper, the stress of the weight of the
water increases

* The soil carries the stress in 2 ways:

* A portion is carried by the water (acts equally in all directions)

* A portion is carried by the soil solids at their point of contact.

ap = Area of points of contact
A = Cross Sectional area of soil mass
P, = Forces acting at points of contact

P P, P, P,

’4 Cross Sectional Area= A >‘

The sum of the vert. components of the forces at their points of contact per unit of X
sectional area is the effective stress.
* The sum of vertical components of forces over the area is the effective stress F’

o/= (P1v+P2v+P3v ....+Pnv)/ A

If:

as=al+a2+a3+..an

e Effective Stress Concept

* Soil is a multi- phase system

* To perform any kind of analysis - we must understand stress distribution

* The concept of effective stress:

* The soil is “loaded” (footing for example)

* The resulting stress is transmitted to the soil mass

* The soil mass supports those stresses at the point to point contacts of the individual soil

grains
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Effective Stress Concept

In a saturated soil system, as the voids are completely filled with water, the pore water
pressure acts equally in all directions. The effective stress is not the exact contact stress
between particles but the distribution of load carried by the soil particles over the area

considered. It cannot be measured and can only be computed.

total stress

effective stress, ﬂ’= o-u

If the total stress is increased due to additional load applied to the soil, the pore water
pressure initially increases to counteract the additional stress. This increase in pressure
within the pores might cause water to drain out of the soil mass, and the load is transferred

to the solid grains. This will lead to the increase of effective stress.
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Total Stress at Pomt O=c =hy, +hyy,.
where :

h, = thickness of the dry soil layer

h, = thickness of the saturated soil layer
7+« = Dry Unit Weigh:

7« = Sanurated Unit Weight

Total Stress at Pomt O0=0G=0G +u

here -

=

0 = Effective Stress

u = Pore Water Pressure =k,

Effective Stress at Pomt O =G =G -u

R , 2 2. .8 ool Ares of commact
-h-],-h~()' -7 )=hy =hy I of s gran
o e -V = ‘w o u - . ’IV'..V ‘w““"
whare - e
4 =Smagai oni Wé’.’gﬂf Fig- 61 ) Soal mass and pone watcf pe ) ey of ot s d
(<) scctemal pian of the crmexY 3923

Effective Stress in Saturated Soil with no Seepage

| Total stress, o upclﬁWi'lérprBSSul’:.H 0 Effective siress g
O - - - =

d

PR IR

AT N T

| |
Fe-— H T, = HiYha —--I - [y = Hary, - . pH—-

T
Diepih Depth Depth
(b} fc} (d)
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Effective Stress in Saturated Soil with Seepage

Upward flow

Teaal srzss. o gorc Waler pressure, i 0 Effective swress, g
- —_—

M+ H
. - R |
Hite ® At | (Hy+ Hat B iy =y,
T T +
Depth Dipth Doepeh
(b} {ed (d)
And limiting conditions may occur when ¢, = 2y’ —iz¥, = 0which lead to
ie = critical hydraulic gradient
’
i, = r - for most seils 0.9-1.1 ith average value of 1
Vw
Downward flow
Toal swess, If'ort WIS pressure, i N Lrl:*‘\ltl: E!rfis_.?'

H)

H otz

Hy+ Ha
O — —
; Hy o My (H| o Ha= iy, Hay' +kp,
; ¥ ¥
“Tulllow — '__/J Depth Depih Depth
(b} . e} {d)
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Effective Stress in Unsaturated
Zone Above the water table, when the soil is saturated, pore pressure will be negative (less
than atmospheric). The height above the water table to which the soil is saturated is called

the capillary rise, and this depends on the grain size and the size of pores. In coarse soils,

the capillary rise is very small.

Dry

o e

IInsaturated

o e EEEE T ey i ------}_-- S

Saturated
(negative u)
S

Saturated
th *Ul{positive u)

k3 > —
b— u= ?whw
» The capillary phenomenon and its effects in soil

« The capillary phenomenon is the presence of water above the ground
water table held by surface tension forces.

« Since capillary water has a negative pore water pressure (held in
tension), capillary phenomenon causes an increase in effective stress.

« The thickness of the capillary zone depends on the size of the soil pores

which is related to permeability.

‘.s

("M z = x _b oy z 2 o, R g v e 2P T L 2 : o -
fmage GWI ¢ ™
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Examples:

Example: For the subsoil conditions shown in fig. below draw
the total, effective stress diagrams upto a depth of 8 m.
Neglect capillary flow.

Unit Weight of the parnially sanoated sand above the water table
: =GS+S¢‘Y _265+04x06
e " 1+06
Unit Weight of satwrated sand

. =G:+(l)ey =2.65«1>l><0.6
—_— e 1+06
Unit Weight of sanerated clay

" % Gs(1+w) B 2.70(1+045)
T 14wGs T 14045%2.70

x10=18kN/m* (7 2 10kN /")

x10=203kN/m’(y 210kN /m’)

x10=17.67kN/m’

(e=wG when §=1. y 210kN/m) 11 b e PR ot [ TH
At elevanion-3m: 0 $ 240
g . -3m "g'---l.;. ----------- -
0=3x18=54kN/m", u=0,0'=0-u=54kN/m’ 0 0g=2.69
At elevanion=5m: ‘ -5m ‘
0=3x18+2x20.3= %4 6kN/m’ !
v’ p ) c — 2.7
u=2x10=20kN/m » ;
‘ o w = 45%
O=0-u="46kN/m’ S
At elevanion =8m:
-am -

0=94.6+3x17.67=147.6kN/m’

u=5x10=50kN/m’ (a) Subsoil Conditions
C=0-u=976kN/m’
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M v
0 e TR e 1
$:z U
-3m --:’ig----.,gb ........... 3240% 60
o 0g22.65
oo 9.6
»
o
v
) e 142.6 50
(a) Subsoil Conditions (b) Stress-distribution diogroms -

For previous example, if the water table rises upto the ground surface, what
is the change in effective stress at elevation -8m?

At elevation —8m -

0=5x203+3x17.67=154.4kN/m’

u=8x10=80kN/m’

0’ =0-u=154.4-80=T4.5kN/m’

The effective stress has decreased by 97.6-74.5=23.1kN/m".
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What is the change in effective stress at elevation -8m, if in previous
example, the water table is lowered by 2 m?

At elevation —8m
0 =5x18+3x17.67=147.6kN /m’
u=3x10=30kN/m*(sincethe Water Table is now at elevation — Sm.)

o' =147.6-30=1176kN /m’

The effective stress has increased by 117.6-97.6 = 20kN /m*.

» In general, it can be understood that a rise in position of
water table results in a decrease in effective stress while a
lowering of the water table brings about an increase in

effective stress.

» This effect has an important fact on bearing capacity and
settlement of foundations.
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Example: For the soil formation shown plot the variation of the vertical
shown, total and effective stresses as well as the pore water pressure with

depth. cs :
I'-S ™ GwT Sand Yio = 170 U
12.5 m Yo = |85 tm’
A 3
50m Clay Var = 2.00 t/m?
v |
Sand
1 0 0 0
2 1.7x1,.5=2.55 0 2.55-0=2.55
3 2.55+1.85x2.5=7.175 1x2.5=2.5 7.175-2.5=4.675

NN

7.175+2.0x5.0 =17.175 1x7.5=7.5 17.175-7.5=9.675




Soil Mechanics 2/3rd Year

EXAMPLEL. Plot the variation of total and effective vertical stresses, and
pore water pressure with depth for the soil profile shown below in Fig.

Stress or Pressure (kPa)
0 50 100 130 200 250 300

GL T u_"'l"'l"""I'i"llillll!
Gravely sand Im L —s— Total stress
A meee I
_______ ™ SN =S 4 . 4 Pore walerprssure |
’m -~ N '\\ —o—Effective siress
X E N l\
Sand o \ c g \ \ N
Toar = 19.5 kN/m m % L | N ._ \‘\
¥ o LN LY
Sandy gravel ) 12 "_\
Yo = 19.0 KN/ 1 [ \
- M »

Solution.

Within a soil layer. the unit weight is constant. and therefore the stresses vary linearly.
Therefore. it is adequate if we compute the values at the layer interfaces and water table
location. and join them by straight lines.

At the ground level.
.= 0 o = 0; and u=0

At 4 m depth.
oy=(H)(17.8)=712kPaiu=0
oy =712 KkPa

At 6 m depth.,
ov = (4)(17.8) + (2)(18.5) = 108.2 kPa
u=(2)(9.81)=19.6 kPa
C.oy" = 108.2 — 19.6 = 88.6 kPa

At 10 m depth,
= ((17.8) +(2)18.5) + (4)(19.5) = 186.2 kPa
u=(6)(9.81) = 58.9 kPa
oy = 1862 589 =127 3 kPa

AT 15 m depth.,
Sy = (4)17.8) + (2)18.5) + (4)(19.5) + (5)(19.0) = 281.2 kPa
= (1139.81)=107.9 kPa
SO, =281.2—-107.9=173.3 kPa

f . .
The values of 6y. u and ¢’y computed above are summarized in Table 1.




Soil Mechanics 2/3rd Year

0 0 0

71.2 0 71.2
108.2 19.6 88.6
186.2 58.9 127.3
281.2 107.9

Mo|d|&=|O

N

EXAMPLE2. Plot the variation of total and effective vertical stresses, and pore
water pressure with depth for the soil profile shown below in Fig.

/é Ruosck
© 1.66 .
. =ty = 081 =1684 EN/m
Dry sand Y= Ire™ 11055
: ; 5055 .
Moist sand y, =& +S'E1r_, _ 1664057055, 5y —15.58 KN/mr
. l+e 1+0.55
*®
e=C 2717042 , 149
5 1

Safurated Clay G, +e_  266+1138
1

- 3
= . = 2.81=17.66 kN/m’
+e 1+1.138
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Point | &,  ENmDr u  ENm Ty ENm
A 0 0 [T
a 33468
B 1*16.84=33.68 TEv. H = 039EIT1E = - | 3305{0E)
853 251
*15.84+1 B*18 58 =47117 a §7.117

D 1415841 B*12.358+3 2% 17466 | 3.2*0R1=31.30 113.58-31.39
=123 58 24
The plot is shown below in Fig.

depm, |m)

[ I T ]

L]

dtrece, EMmM2
=0 4% 0 10 20 I 42 B0 80 TO 80 B0 10D 110 120 130 140
N [T 1]
'u.,‘_“‘ —a—Tetal sress |
- “:"\-\.., ] ——om waler preseee |
-""‘-\-._\_\_h —i— Pl alroas
"'.
[
)
[y
H‘E
£ ““H""-‘.

Varation of o.. 1 and &, with depth
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Normal and Shear Stresses in a Soil Mass

Considering a certain point inside the soil mass and knowing the normal (o)
and shear stresses (7) acting on two planes at this point:
[JWhat is the maximum and minimum normal stresses (magnitude and
direction)?
[JWhat is the maximum shear stresses (magnitude and direction)?
[1What is the normal (o) and shear () stresses acting on any plane?

Mohr Circle of Stresses

In soil testing, cylindrical samples are commonly used in which radial
and axial stresses act on principal planes. The vertical plane is usually the
minor principal plane whereas the horizontal plane is the major principal

plane. The radialstress (sr) is the minor principal stress (s3), and the axial
stress (sa) is the major principal stress(s1).

To visualize the normal and shear stresses acting on any plane within the

soil sample, a graphical representation of stresses called the Mohr circle
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Is obtained by plotting the principal stresses. The sign convention in the
construction is to consider compressive stresses as positive and angles
measured counter-clockwise also positive.

Draw a line inclined at angle with the horizontal through the pole of the
Mobhr circle so as to intersect the circle. The coordinates of the point of
intersection are the normal and shear stresses acting on the plane, which
is inclined at angle within the soil sample.

e (O8, 16)

4’
e

7‘\ a3 / oy °°
Pole\ /
\ / /
N
“/\_.//
Ty = (J] 9% ]+ [Jl @ :I 0528
Normal stress 2 2
Ta :I:Jl er}sj.n 28

Shear stress 2

The plane mclined at an angle of 42" to the horizontal has acting on it the maximum shear

E 1 3
o

stress equal to 2, and the normal stress on this plane is equalto <

Mohr Circle Presentation

It is a graphical method to present the state of stress along any plane
passing through any point within the soil mass. >
[JNeed to define ¢ and 7 sign conventions: For o:
[1Compression (+ve sign)

[1Tension (-ve sign) For t: : 5
[JRotation anticlockwise (+ve sign) x
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[J Maximum and minimum normal stresses:
[J Major principal plane (61,0)

[J Minor principal plane (¢3,0)

[J Maximum and minimum shear stresses:
[J Plane ¢ (( 1 + 63)/2, Tmax)

[J Plane d ((o1 + 63)/2, Tmin)

o=— 2 4 > cos 260
3 2
i .
G_ _J_, . 'A
r=—11sin 26 , ¢
j max fe---smomm——- e
Minor principal : \ Major pri
plane (G,]0) A ohane (G, 0)
1L n//./ N
= [ o
T ". __________ '.t'—.-'a@gf‘-"'
Normal and Shear Stresses on a Plane
N
oy \ ¢ oy>0x
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From geometry for the free body diagram EBF

EB =EF cos@

FB = EF sin@

Summing forces in N and T direction. we have

0,(EF)=0 (EF)sin’6 +0 (EF)cos’ @ +27_ (EF)sinfcosf

o, +0 o, -0
o, = }2 X 4

o c0s20+7, sin20

Again
7,(EF)=-0,(EF)sin@cos@ +0,(EF)sin@cos@ -7, (EF )cos’ 0 +7,,(EF)sin* @

y 0y
T,=——sin20—-7 _co0s20 .. . .. ...
2 Xy
(2)
If 1,,= 0 then
2T,
tan26=7(%‘}
o,-0, ’

This eq. gives 2 values of & that are 90° apart. this means that there are 2
planes that are right angles to each other on which shear stress = 0. such

planes are called principle planes and the normal stress that act on the
principle planes are to as principle stresses.
To find the principle stress substitute eq.3 into eq.1. we get

- 12
o,+0, ay -0, 2 - S
0,=0,=— - + - +T major principle siress
- 12
o,.+0, 0,-0, 5 . ..
0,=0;=— = = +T min or principle siress

These stresses on any plane can be found using Mo/ s circle

¢ Mohr's circle

Mohr’s Circle Sign Conventions: ‘“ T
eCompressive nomnal stresses are positive
e e
G - -
eShear stresses are positive, if when they *0 +
act on two opposing faces. they tend to
produce a counterclockwise rotation. T -
T+ T+
T —

Refer to the element shown in Fig. above
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i
+T
[o.-o.T | [[e.-o
I ] SO
Rﬁxf \ On. =Tn
a \ -k 2g .
3 | |l||Uf Gn
\ M/ gy, ~Tuy
e |
Ty
o, +0,
2
g
_T ¥
L
Pole Method

a) Draw the circle.

b) To locate the pole P:

1) Through the point representing the stresses on the first reference

plane (x—plane), draw the orientation of the first reference plane (x—plane
is vertical).

2) The point where this line intersects the Mohr’s Circle is the pole P.

c) To find the stresses on a plane of any orientation:

1) Draw a line through the pole P parallel to the plane;

2) The point where this line intersects the Mohr’s circle gives the stresses

(on, tn) on the plane of interest.

+'|"

o,
IT."{ C
[EE— L s  Gp, Tn N
| Ty
f f Ox [—— O,
[75} Pl l|l| ay Oy ‘[' .
- ‘_' Iy )
Pole Gy Tay AT = ] B
Gy
Sy g,
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Example 2 : Find the stresses on Horizontal plane D-1D7

1-Draw point 1(40.00), point {20,0)

2- From point (20,0) draw a line through point (20,0) ,parallel to the plane
that the force (20,0) acts .

3- The point of intersection with Mohr —circle represent the OP.

4- From the op draw a horizontal line (line parallel to horizontal plane) the

point of intersection with Mohr circle represent the stresses on horizontal
plane. ( 33, 8.7).

m! : é%—u |
w | 7o AN ||
| \/ \
’ /1 ” |
|| || ..!.I' \\R !/"' _|
- 10 — —
L
] 10 20 30 a0 50
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Example 3 :

R
!

\,. 40 psi "EA
/\ Kl
3 \,../\‘\l:lll:l psi 1 n
N,

D
//F‘.\ K.--"',i:; psi
-~
A

‘\Izﬂ:m

,
Fik

Find the Magnitude and direction of priciple stresses.

Methods of Shear Strength Determination

Direct Shear Test

The test is carried out on a soil sample confined in a metal box of square cross-
section which is split horizontally at mid-height. A small clearance is
maintained between the two halves of the box. The soil is sheared along a
predetermined plane by moving the top half of the box relative to the bottom
half. The box is usually square in plan of size 60 mm x 60 mm. A

typical shear box is shown.

Normal load

«— Shear force

7
é
¢
%
/
4
2

Roller
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If the soil sample is fully or partially saturated, perforated metal plates and
porous stones are placed below and above the sample to allow free drainage. If
the sample is dry, solid metal plates are used. A load normal to the plane of
shearing can be applied to the soil sample through the lid of the box.

Tests on sands and gravels can be performed quickly, and are usually
performed dry as it is found that water doesnot sig nificantly affect the drained
strength. For clays, the rate of shearing must be chosen to prevent excess

pore pressures building up.

As a vertical normal load is applied to the sample, shear stress is gradually
applied horizontally, by causing the two halves of the box to move relative to
each other. The shear load is measured together with the corresponding shear
displacement. The change of thickness of the sample is also measured.

A number of samples of the soil are tested each under different vertical loads
and the value of shear stress at failure is plotted against the normal stress for
each test. Provided there is no excess pore water pressure in the soil, the total
and effective stresses will be identical. From the stresses at failure, the failure

envelope can be obtained.

/Vel'tica] displacement dial gage

Maotor, applies horizontal ¢ hear box Proving sin
displacement at constant rate gring

Weights to apply
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For a given test, the normal stress can be calculated as

Normal force

o = Normal stress = —; : : .
Cross-sectional area of the specimen

The resisting shear stress for any shear displacement can be calculated as

Resisting shear force

T = Shear stress = — - -
Cross-sectional area of the specimen

180.0

160.0 + S P S measured by a load cell for dilatancy measurements
140.0

1 A
» y=06458x
120.0 4 32° ,—U-l

y = 0.4503x
100.0 4

Regetion foree (kN)
mgaured by foad cell

i (=]
= &

Hocizontal

Nomnal force (KN} b Jicnicnl sintin transducer

X
-
y=05159x
“A

SNear soress, T (KFa)
s
o

40.0 ——Uinear (Soll=oll at peak =tate) Applicd i !
= = Linear (Soilsoll at critical state) A " slrain
200 e Linear (Soi-pile 3¢ peak state) 2 Sarfuce Sislidins  ansducer
0.0 cpmtinear (Solplle ¢ critca state) | Stiear zone suface  OHTHICE O IKIng
0.0 50.0 100.0 150.0 2000 250.0
Normal effective stress, o (kPa)
Triaxial Test

The triaxial test is carried out in a cell on a cylindrical soil sample having a
length to diameter ratio of 2. The usual sizes are 76 mm x 38 mm and 100 mm
x 50 mm. Three principal stresses are applied to the soil sample, out of

which two are applied water pressure inside the confining cell and are equal.
The third principal stress is applied by a loading ram through the top of the cell
and is different to the other two principal stresses.A typical triaxial cell is

shown.
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l Deviator stress

Soil

Cell pressure —» | — Pore pressure/ Back pressure
—* Volume change

The soil sample is placed inside a rubber sheath which is sealed to a top
cap and bottom pedestal by rubber Orings. For tests with pore pressure
measurement, porous discs are placed at the bottom, and sometimes

at the top of the specimen. Filter paper drains may be provided around the
outside of the specimen in order to speed up the consolidation process.
Pore pressure generated inside the specimen during testing can be
measured by means of pressure transducers. The triaxial compression test

consists of two stages:

First stage: In this, a soil sample is set in the triaxial cell and confining
pressure is then applied. Second stage: In this, additional axial stress (also
called deviator stress) is applied which induces shear stresses in the
sample. The axial stress is continuously increased until the sample fails.

During both the stages, the applied stresses, axial strain, and pore water

pressure or change in sample volume can be measured.
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TestTypes

There are several test variations, and those used mostly in practice are:
UU (unconsolidated undrained) test: In this, cell pressure is applied
without allowing drainage. Then keeping cell pressure constant, deviator
stress is increased to failure without drainage.

CU (consolidated undrained) test: In this, drainage is allowed during cell
pressure application. Then without allowing further drainage, deviator
stress is increased keeping cell pressure constant.

CD (consolidated drained) test: This is similar to CU test except that as
deviator stress is increased, drainage is permitted. The rate of loading
must be slow enough to ensure no excess pore water pressure develops.

In the UU test, if pore water pressure is measured, the test is designated
by . In the CU test, if pore water pressure is measured in the second stage,

the test is symbolized as .

During the shearing process, the soil sample experiences axial strain, and
either volume change or development of pore water pressure occurs. The
magnitude of shear stress acting on different planes in the soil sample is

different. When at some strain the sample fails, this limiting shear stress

on the failure plane is called the shear strength.

The triaxial test has many advantages over the direct shear test:

* The soil samples are subjected to uniform stresses and strains.

» Different combinations of confining and axial stresses can be applied.
* Drained and undrained tests can be carried out.

* Pore water pressures can be measured in undrained tests.

 The complete stress-strain behaviour can be determined.




