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Total Stresses and Effective stresses ground surface
Total stress: N
The total stress at depth z is the sum of the weights of d Y
soil in each layer thickness above. ;
Vertical total stress at depth z, 2 " -
oy = Y101 + 120, + y3(z - dq - dy) z 0. layer3
where 2-th-d;
Y1, Y2, V3, €tC. = unit weights of soil layers 1, 2, 3, etc. T O
respectively

ay
Just above the water table the soil will remain saturated j unsaturated soil:
due to capillarity, but at some distance above the water lz"“ ywr unit weight =Yu

table the soil will become unsaturated, with a consequent |-~ — — — — — — —
saturated soil:

reduction in unit weight (unsaturated unit weight = v,) G, unit weight =Y

Gv:'Yu-Zw'i"Ys(Z'Zw)

The addition of a surface surcharge load will increase the surface surcharge, g
total stresses below it. If the surcharge loading is u l l 1‘ ‘ 4 l
extensively wide, the increase in vertical total stress below

it may be considered constant with depth and equal to the

magnitude of the surcharge.
Vertical total stress at depth z,

oy=Y.Z2+(
a.;
Pore Pressure: . tutalﬁstmsscr .
e For saturated soil: pore pressure = pore water ! |

|
pressure !’ QY F@ &g@ﬁ@aﬁ'
e For partially saturated soil: pore pressure = pore 4 bt % ‘e
F

e Saelh
water pressure + pore air pressure eg)ﬁ (]

e For dry soil :pore pressure = pore air pressure

AT 1B
et Jﬁﬂﬂﬁi&%ﬁ

e Inthe case of partially saturated soil : pore o To o o To

pressure depends on degree of saturation (S). effective stress, o'~ o -u

e Atlevel x-x : pore water pressure (u) =h2 yw (saturated soil)
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¥ || free water

;' Unsaturated
\\ (negative u)

- - Saturated
h ‘ (negative uj ~¥ | [Water table h

[Fa
r

+h u Saturated
{positive u) | |

=t u=Yh,

Under hydrostatic conditions (no water flow) the pore pressure at a given point is given
by the hydrostatic pressure:

u:'Yw-hw

-The natural static level of water in the ground is called the water table or the phreatic
surface (or sometimes the groundwater level). Under conditions of no seepage flow,
the water table will be horizontal, as in the surface of a lake. The magnitude of the pore
pressure at the water table is zero. Below the water table, pore pressures are positive.

u:'Yw-hw

-Below the water table, pore pressures are positive. In dry soil, the pore pressure is
zero. Above the water table, when the soil is saturated, pore pressure will be negative.

u:"Yw-hw

-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 type (and thus the size of pores):

- in coarse soils capillary rise is very small

- in silts it may be up to 2m

- in clays it can be over 20m

- In conditions of seepage in the ground there is a change in pore pressure. Consider
seepage occurring between two points P and Q.
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The hydraulic gradient, i, between two points is the head drop per unit length between
these points. It can be though of as the "potential" driving the water flow.
: : . _ _oh_ou 1
Hydralic gradient P-Q I 5s 557

Thus oU =i .y, .0S

But in steady-state seepage, i = constant

Therefore the change in pore pressure due to seepage alone, dus = i.yy .S
For seepage flow vertically downward, i is negative
For seepage flow vertically upward, i is positive. . 0 -

Gh

e e e

datum

Effective Stress :
Ground movements and instabilities can be caused by changes in total stress (such as
loading due to foundations or unloading due to excavations), but they can also be
caused by changes in pore pressures (slopes can fail after rainfall increases the pore
pressures).

In fact, it is the combined effect of total stress and pore pressure that controls soil
behaviour such as shear strength, compression and distortion. The difference between
the total stress and the pore pressure is called total stress

the effective stress:

effective stress = total stress - pore
pressure

orc =c-u

effective stress. o= o-u

Note that the prime (dash mark “ ) indicates
effective stress.
Capillarity in Soils

Water can raise and remain above the line of atmospheric pressure ( pheriatic
line) in a very fine pores due to attraction (surface tension )between adjacent
molecules in the surface.
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Capillary Head or Capillary Rise
W =F,COSa

7 Tr?h=T,.2Tr.COSa
Where Ts= Surface tension

~.h :ZT—icosa = Capillary head
Yo

—A4T,
Y wd

— therefore hc =

= Capillary rise hoo%

For example, how much does the water rise above the water table in a very fine sand (d = 0.1 mm) ?

—4(0073N/ )
he = 4l _ /a =0.30m

¥od 9.811<1%El ;(01mm)
w

Using typical values of T=0.073 N/m, oo = 0 and Tw = 9810 N/m’ in Eq. 6.6, it can be shown
that:

h, (m) =~

0.03
d ()
What do these have to do with soils? The interconnected voids within the soil can act like
capillary tubes (not straight though) and allow the water to rise well above the water table.
The “capillary tube” diamater of a soil is approximately 1/5 of D;y. Therefore, the capillary
rise within a soil can be written as:
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Figure 1. Capillarity water rize and pressure in capillary tube.
Effective Stress in the zone of Capillary Rise
The pore water pressure at a point above W.T depends on degree of saturation
due to capillary rise.
-For fully saturated zone by capillary rise u=-hvy,
-For partially saturated zone by capillary rise  u=-s h v,,/100
-his measured from and above W.T.
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1) For the cross section given in the figure, calculate the total vertical stresses, pore
pressures, and effective vertical stresses at points A, B, C and sketch these stress
distributions. Assume that the whole clay layer is fully saturated.

Ground surface
re
Sand ¥ =18 kN/m’ 5m
x A - a0 90
Em
AV B _ 250 250
e I
Clay  Yeat =20 kKN/m’
10 m
vy C .
450 981 3519
G u lea
At point A:
G = 18x5 = 90 kN/m” = 90 kPa u=20 o' =90-0 =90 kPa
At point B:
c = 18x5+20x8 = 250 kPa u=0 o' =250-0=250kPa
At point C:

G = 18x5+20x(10+8) = 450 kPa u=981x10-98.1 kPa
G' = 450-98.1 = 351.9 kPa

2) The basin of a lake consists of uniform clay with saturated unit weight 19 kN/m’.
Calculate the effective stress at a depth of 20 m below ground surface under the lake
when the water depth is 5 m. The elevation of water in the lake changes throughout
the wear, it rises to 10 m in the rain season. How does this affect the effective stress

wou have previously calculated?

When water depth= 5 m When water depth = 10 m

G =9.81x5+19x20= 429 kPa G =981x10+19%x20=478 kPa
u = 9.81x(5+20)= 245 kPa u=9.81x(10+20)= 294 kPa
o' = 429-245 =184 kPa o' = 478-294 = 184 kPa

Note that effective stress does not change with increasing water depth in the lake
while total stress and pore water pressiure increase. Effective stress on the ground
surface is zero.
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A sample was obtained from point A in the submerged clay layer shown below, and it was
determined that it had a w = 54 %, and a Gs = 2.78. What is the effective vertical stress at A’

water

Solution:

The effective stress ¢’ at the point A consists solely of the depth of the soil (not the water)
multiplied by the soil buoyant unit weight.

o= };hmﬂ where }" =Yaar — Ww

In order to find ;V there are a number of derivation, such as this one,

. \Gg +
Y = ( Sl j) v _ %, where the voids ratio e can be replace with Se = wG;
e
and noticing that § =1 because the soil is 100% saturated, e=wG;
. 2.78+(0.54)(2.78
o=|GstWOs), o, o (054)278) 01 g1 (15m)
1+ wG, 1+(0.54)(2.78)

o =105kPa
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The city of Houston, Texas has been experiencing a rapid lowering of its phreatic surface
during the past 40 years, due to large volumes of water pumped out of the ground by
industrial users.

a) What was the effective vertical stress at a depth of 15 m in 1967?

b) What is the effective stress at the same depth in 2007?

C) What happens to the ground surface as a result of the draw downs?

LY = 204kN Smd ] WS R 7 WT 1967
6m.| .~ SAND
______3":3_{11_?_!_8__8_"‘_‘?_{'_"____; ______ | 2 AL LIV AN b ot
| =16.5kN 1 R A i S2 Gr N PR
beSmn e AR SLT
*_______.:.__*-___-_______: _________ E':'.:X' ________ '__h______::,__- ___________ :
~_;P‘,” 12 6kNim -',Eirp CL_&Y“_ A
o T s M e
¥ e _'-: e Y _'-} HQGK _":
*’f - G T T Y
Solution:
a)

JV = [?h t }llh I]SAND t [}/Ih I]SILT t [}/Ih I]CLA}’
oy =[(20.4)(3)+ (18.8-9.81)(3) | +[(14.9-9.81)(6)]+[(12.6 - 9.81)(3)]
o, =128 kPa

b) o, =[(20.4)(6)+(16.5)(6) | +[(12.6-9.81)(3)] = 230 kPa

This is an 80% increase in stress due solely to a dropping water table.

¢) The ground surface has also been lowered due to the decreasing thickness of the clay and
the silt strata due to their loss volume previously occupied by the water.
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In the soil profile shown below, show a plot of the pore water pressure and the effective siress
along the right margin of the figure with numerical values at each interface. Pay heed to the
capillarity in the upper clay (d = 0.001 mm), where S = 50% in the upper clay stratum.

& » 0 + —»U = o
Dry sand G, =2.66,e=10.5
6 ft
%.Gs _ (62.4)(2.66)
Ya 1+e 1.50 rd
664 -250 414 \664
3
Clay Gs=271,85=05,e=0.75
G+Se| (G4)| 271-H Q) (Q7.
ot 2IGHSd (@O
1+e 1+Q75
v, wr CAPILLARY RISE ZONE
3 1104 + O = 11104
e Clay Gs=272,e=0.95
9 ft
G+e) (624)(272+0:
. LlGH)_ (042724009
l+e L9
v 1600 562
Depth, ft ag’ + u = 92
0 0 0 0
0 664
6 (110.7)(6) = 664
(62.4)(-4) = -250 414
10’ 664+ (110)(4)=1104 0 1104
19’ 1104+(117.4-62.4)(9)=1600  9(62.4) = 562 2162
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Calculate the maximum theoretical depth of excavation H below, before the remaining clay
layer is uplifted by the vertical seepage pressure.

£

S e e
SATURATED CLAY | H e 47 >
Vour= 1210068 | 30 £t gnh
ENE SN . ENE N 20
- =7 1 - SN - Y erey Uty o
N e i e
o - | : .Af e i 2
4 .‘h > 4 4
100t SAND
Y= 12LI07EE

' . - &
'] ! i

Solution:
The maximum depth of excavation H is reached when the effective stress ¢’ = 0 (that is, the upward
seepage force is equal to the downward weight of the soil. Mathematically,

0,=0,—U, = (1215—52)(30'— H)—[62.4Z—EZJ(2O') =0
Jt ft

(62.4)(20)
30-H = =103 feet .. H =19.7 feet
(121)

frttt et

Seepage hydrostatic uplift

10
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If the saturated unit weight of the soil in this shallow bay bottom is 20 kN/m’, what is the
effective vertical stress ¢’ at point A?

Solution:

The total stress 6, =Y, h, + Vorhson = (9.81@](4m}+(20ﬁ3)(1 lm)= ZSQE2
m m m

The pore water pressure u, =¥, (h,—z,) 2[9.81ﬂ3)[(%](8m)—(—?' m)] = 122g2
m m

Therefore,the effective stress at A: ¢, =0, —u, =259-122=1 37@ =137 kPa
m

11
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Example: The figure shows how an extensive layer of fill will be placed on a certain
site. The unit weights are: clay and sand = 20kN/m3, rolled fills 18KkN/m3, assume water
= 10 kN/m3.

Calculations are made for the total and effective stress at the mid-depth of the sand
and the mid-depth of the clay for the following conditions: initially, before construction;
immediately after construction; many years after construction

Initially, before construction

Initial stresses at mid-depth of clay (z = 2.0m)
Vertical total stress

oy =20.0 x 2.0 = 40.0kPa

Pore pressure

u=10x 2.0 =20.0kPa

Vertical effective stress

6y =oy-Uu=20.0kPa

Initial stresses at mid-depth of sand (z = 5.0 m)
Vertical total stress

oy =20.0 x5.0 =100.0 kPa

Pore pressure

u=10x5.0=50.0 kPa

Vertical effective stress

o y=oy-U=50.0kPa

immediately after construction

The construction of the embankment applies a surface surcharge:
q=18 x4 =72.0 kPa.

12
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The sand is drained (either horizontally or into the rock below) and so there is no increase in
pore pressure. The clay is undrained and the pore pressure increases by 72.0 kPa.

Initial stresses at mid-depth of clay (z = 2.0m)
Vertical total stress

oy, =20.0x2.0+72.0=112.0kPa

Pore pressure

u=10x2.0+72.0=92.0 kPa

Vertical effective stress

oy =0y, -U=20.0kPa

(i.e. no change immediately)

Initial stresses at mid-depth of sand (z = 5.0m)
Vertical total stress
oy =20.0x5.0+72.0=172.0kPa
Pore pressure
u=10x5.0=50.0 kPa
Vertical effective stress
o y=oy-Uu=122.0kPa
(i.e. an immediate increase)
Many years after construction
After many years, the excess pore pressures in the clay will have dissipated. The pore pressures
will now be the same as they were initially.

Initial stresses at mid-depth of clay (z=2.0 m)
Vertical total stress

oy, =20.0x2.0+72.0=112.0 kPa

Pore pressure

u=10x2.0=20.0 kPa

Vertical effective stress

cy=0y-u=92.0KkPa

(i.e. a long-term increase)

Initial stresses at mid-depth of sand (z =5.0 m)
Vertical total stress

o, =20.0x5.0+72.0=172.0 kPa

Pore pressure

u=10x5.0=50.0 kPa

13
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Vertical effective stress

G,V = GV = U = 122.0 kPa

(i.e. no further change)

Examplel. For the soil profile shown below find A6, ; Ach 5 u ;Ac'y 3 Ac'y; at points
A,Band C.

Solution:
G.L \V/
y /_\
H;=2m Yay=16kKN/m*  Kk,=0.4
X W.IW
—and - B
H=3m 'Ysat.=16kN/m2 ko,=0.4 X
\ 4 C
L at point A A 100 20} 30y 40y 50| 60} 70| 80| 90 |StresskN/m2
Aoy, =0
Ac6h,=0;U=03;Ac0",=0
Ac'h=0 2
2. Atpoint B

AGy = y4y X H1=16 x 2= 32 KN/m®
A6 = A6y x k=32 x0.4=12.8kN/m? 4

U =ywX H=0 ;

AG'\ = A6, = 32 KN/m?

AG',, = A6p= 12.8 KN/m? 6-
3. Atpoint C depth ¥

AGy = Yary X Hi + Ysat X Hp =16 X 2 + 3 x 20 = 92 kN/m?

A6 =A6,1 x ko + AGyy X ko =32x0.4+60x0.5 =42.8 kN/m?
U = ywX Hy= 9.81 x 3 = 29.43 kN/m’

AG', = A6, - U =92 —29.43 = 62.57 kN/m?

AG', = A6 - u =42.8 - 29.43=13.37 KN/m?

14




