CHAPTER 9
IN SITU STRESSES



IN SITU STRESSES

1 Concept of effective stress

O Stresses in saturated soil without seepage, upward
seepage, and downward seepage

1 Seepage force per unit volume of soll

d Conditions for heaving or boiling for seepage under a
hydraulic structure

1 Use of filter to increase the stability against heaving
or boiling

O Effective stress in partially saturated soil



TYPES OF STRESSES IN SOIL
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There ae two types Of stresses in soil.
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INTRODUCTION
S

© Soils are multiphase systems. They consists of solid particles
enclosing continuous voids which contain water and/or air.

© When an external load is applied to soil it will be carried jointly
by the three systems, solid, water, air.




INTRODUCTION

© However, it is difficult, if not impossible to analyze such

©®

multiphase system.

When the soil is fully saturated, then only water is
presented in the voids and the problem becomes

relatively simple.

When an external load is applied to saturated soil it will be
carried jointly by the two systems, solid grains and water

In the pores.

The increase In pressure within the pore water causes
drainage (flow out of the soil), and the load is transferred

to the solid grains.

The rate of drainage depends on the permeability of the
soll.



INTRODUCTION
- -

@ If by any mean we can find the part of the load
carried by the water for a given external load,
then we can find the part carried by the solids.

© This is the theme of the Principle of Effective
Stress. In other word the principle of effective .«
stress determines the effect of a pore -
pressure on the behavior of a soil with a given
TOTAL STRESS.

@ It is probably the single most important concept in soil mechanics
and geotechnical engineering.

© The compressibility and shearing resistance of a soil depend to a
great extent on the effective stress.



INTRODUCTION

total stress

i ot it

effective stress, o = o -1



STRESSES IN SATURATED SOILS

O-:H7/W+(HA_H)7/sat

o = Totalstress @ theelevation of point A

Pore water

yw = Unit weight of water

Solid particle

Ysat = Saturated unit weight of thesoil ' ’
-
H = Height of water table from the top of soil column "—0‘“*'5““;*'"“4

H 5 = Distance between point Aand the water table ., .. . .
Hiolle olle o«
~§
2 T M - o

P
! P P3 P, R

l¢——— Cross-sectional area = A S



STRESSES IN SATURATED SOILS

o=o0+U
o = Total normal stress

o' = Effective normal stress
u = Pore water pressure

The total stress can be divided into two parts:

1. A portion is carried by water in the continuous void spaces.
This portion acts with equal intensity in all directions.

2. The rest of the total stress is carried by the soil solids at their
points of contact. The sum of the vertical components of the
forces developed at the points of contact of the solid particles
per unit cross-sectional area of the soil mass is called the
effective stress.



THE PRINCIPLE OF EFFECTIVE STRESS

o=0o+u

oc=0-Uu

o'=[Hy, +(H,—H)y,l-H,
o'=(Hy=H) (Ve —7u)

o'= (Height of soil column) x "

¥'= Submerged unit weight of thesoil

o' = Effective stress at point A

U = Pore water pressure at point A (Neutral stress) i« cosscuonianea -7 ——



THE PRINCIPLE OF EFFECTIVE STRESS

© The concept of effective stress is significant in solving
geotechnical engineering problems, such as:

+ Bearing capacity and + Lateral earth pressure
settlement of foundations on retainina structures

Common Terminology
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EVALUATION OF EFFECTIVE STRESS

+ We now know the importance of effective stress and that it is

responsible for soil behavior and the dilemma that we cannot
measure it.

+ However, if we can find o and u, then
o =o—-u (*)
+ Therefore, our job now is to find o and u.

|. Determination of total stress,
o=v.17 **
Where V ( )

v = Unit weight of the soil, the unit weight of the soil may be, wet,
saturated, dry. (This depends on the degree of saturation of soil).

z = The vertical distance from the surface to the point at which o
Is evaluated.



EVALUATION OF EFFECTIVE STRESS

ll. Determination of p.w.p, U

u=y,.2 (**%)

Where
7, = Unit weight of water

Therefore, by substituting Eq. (**) and Eq.(***) into Eq.(*), we get

O-/ :(7/_7/W)Z



Stresses In Saturated Soll
INn the Static Case
(Under Hydrostatic Conditions)



HYDROSTATIC PRESSURE

o The pressure exerted by water at a given point within the soil
medium, due to the force of gravity.

o Hydrostatic pressure increases in proportion to depth measured
from the surface because of the increasing weight of fluid
exerting downward force from above.

o The level in the ground at which the pore pressure is zero (equal
to atmospheric) is defined as the water table or phreatic surface.

o When there is no flow, the water surface will be at exactly the
same level in any stand pipe placed in the ground below the
water table.

o This is called a hydrostatic pressure condition.

o Pore water pressure (sometimes abbreviated to pwp) refers to
the pressure of groundwater held within a soil or rock, in gaps
between particles (pores).



STRESSES IN SATURATED SOILS
WITHOUT UPWARD SEEPAGE

At point A,

* Total Stress: o,=H, ¥,

« Pore water pressure: U, = H, %,
» Effective stress: ¢’,=0

At point B,

A
L
-‘-b -..'l"llu

1
i 'I-.l\- L'H 'l-.hn
-i l

-." "-

UL It PP LS g
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« Total Stress: oz =H, %, + H, %
« Pore water pressure: ug = (H, + H,) %,
« Effective stress: 6’g= H (¥t — %) = H, ¥’

0

Total stress, o

Walve (closed)
(a)

Pore water pressure, Effectve stress, o'
0 = 0 -

at Point A i

at Point C spp-i+=

At point C,
t Point B |+ H,
- Total Stress: oz = Hy %, + Z fu aLPoINLE -
* Pore water pressure: u. = (H; + 2) ¥, Dep

- Effective stress: 6’c= 2(y)e— %) =27’

id)



EXAMPLE 9.1

Example 9.1

A soil profile is shown in Figure 9.3. Calculate the total stress, pore water pres-
sure, and effective stress at points A, B, and C.

A
T Dry sand
6m Yay = 165 kN/m’
4‘ Groundwater table
Saturated sand
13m Yt = 1925 kN/m?

Figure 9.3 Soil profile



EXAMPLE 9.1

Solution
At Point A,
Total stress: oy, = ()
Pore water pressure: 1, = ()
Effective stress: o, =10
At Point B,
oy = OYyryangy = 0 X 165 = 99 kN/m*
u, = 0 kN/m?
oy =99 — () = 99 kN/m?
At Point C,

¢ = Yaryisana) + 13 Veatisane

=6x 165+ 13 X 19.25

— 99 + 250.25 — 349.25 kN/m?
u, = 13y, = 13 x 9.81 = 127.53 kN/m?
ol = 34025 — 127.53 = 221.72 kN/m?



EXAMPLE 9.2
- -

Example 9.2

Refer to Example 9.1. How high should the water table rise so that the effect-
ive stress at C is 190 kN/m?? Assume vy_, to be the same for both layers (i.e.,
19.25 kN/m?).

Solution
Let the groundwater table rise be h above the present groundwater table

shown in Figure 9.3 with
a-= (6 — .F:]l-j,.rﬂ“r + hy,, + 13y,
u=(h+13)y,
So
oo =0, — U= (6= h)yyy + hyg + Byg — by, — B3y,
= (6 = M) yay + Alya = vu) + 130¥ — Y0

or

190 = (6 — h)16.5 + h(19.25 — 9.81) + 13(19.25 — 9.81)
h=449m



EXAMPLE
- -

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

GL
Gravely sand Am
Ve = 18.5 KN/m’; v = 17.8 kN/m’
NS
2m
Sand
Tsat — 195 kI\UI]]g 4 111
A
Sandy gravel
Yeat = 19.0 KN/m’ Sm
Y




EXAMPLE

Solution
GL
» At the ground level.,
gy =0 o, =0:and u=0 Gravely sand 5 ; 4 m
Year = 18.5 KN/m’; y,, = 17.8 kN/m
I, v
» At 4 m depth, "m
G, =(@4)(17.8)=71.2kPa:u=20 Sand 7y
s.oy =71.2 kPa a X A
Ysat = 19.5 KN/m m
» At 6 m depth, I
Gy = (4)(17.8) + (2)(18.5) = 108.2 kPa Sandy gravel .
u=(2)(9.81)=19.6 kPa Yeat = 19.0 KN/m >m
.0y = 108.2 - 19.6 = 88.6 kPa Y

At 10 m depth,
Gy = (4)(17.8) + (2)(18.5) + (4)(19.5) = 186.2 kPa
u=(6)(9.81) =58.9 kPa
ooy = 186.2 -58.9=127.3 kPa

» At 15 m depth,
oy = (4)(17.8) + (2)(18.5) + (4)(19.5) + (5)(19.0) = 281 2 kPa
u=(11)9.81) = 107.9 kPa
SOy =281.2—-107.9=173.3 kPa



EXAMPLE
SR

Solution

Stress or Pressure (kPa)

0 50 100 150 200 250 300

0 T T 1 L L 1T T 1 I L I L
| |
\ —+—Total stress

4 —i— Pore water pressure ||

N

NS

LN S

—o— Effective stress

Depth (m)
oo

e
/

—
>




EXAMPLE

o (kPa) —= u(kPa) = o' (kPa)

Y 0 200 400 O 200 400 0 200 400
"""" _— T T 0 L T T T
WATER 1 -
¥ = 9.8 kN/m? E -
3 e 29.4 e 29.4 0.0
4 = -
SAND 5 |- — F-
Y=17.3 kN/m® 6 -
' = 3 7 B B u
Y' = 7.5 KN/m £ 8f ] ]
€ 9r - -
E'w — — —
11 B B |
12 | e 185.1 - o 117.6 - o 67.5
CLAY ol i i
Y= 19.6 kN/m® 5 - B B
Y’ = 9.8 kKN/m® 16 | : X
17 | - -
8L 3027 : 1764 L e 126.3




EXAMPLE
- -

o(kPa) = u(kPa) = o' (kPa)

0 100 200 300 O 100 200 300 O 100 200 300

0 — ¢—T—T | —
SAND ! ‘
y = 17.3 kN/m® z
4 |
5 |
-------- !-- mmm=---== 6| @ 1038 0.0 ® 103.8
B . £ 7}
Y =7.5KkN/m E. 8|
o gt e 1557 @ 29.4 u e 126.3
CLAY 10 |~ — —
Y= 19.6 kN/m?® " - -
v' = 9.8 kN/m?® 12 - -
13 } - -
14 | -
15 - 273.3 e — o B88.2 — e 185.1




Stresses in Saturated Soll
Case of Seepage



ONE-DIMENSIONAL FLOW

Static Case Case of Upward
(Hydrostatic Conditions) Seepage

A
1] Al . 1)
B piezometers el T
i e L et L L K B T A Y
T IR are at the TR AR
aw LT e T ] bl el A Y =y g Tt g sy
SN pie fosdr fersie pared
0 AR same level | e
ek e e A
RO AR
A A TR
. ;rI.I-I..Ii-'i.I-_ - Y o L) F
[ITTTITITT]
Valve (closed) Value (open)

Inflow ——s

o Note: the static case is a limit for the upward seepage case.

o In other word, if the is no head difference then the upward
seepage will seize and we come to static case.



UPWARD SEEPAGE

+ In case of seepage the effective stress at any point in a soil mass
will differ from that in the static case.

Note: We are given the pressure head
At A, J P

»  Total stress: o, = H,v,,
» Pore water pressure: uy, = H,y,,
« Effective stress: 'y = o4 — g = 0

At B,

« Total stress: oy = Hyy, + Hyvey
* Pore water pressure: ug = (H, + H, + )y,
« Effective stress: o = o — Ug
= Hy(Ysa = Yw) = AVa
= HET! o h};w

Note: For illustration we consider simple 1D case
For 1D flow the pressure head at any point can be found through
internolation.



UPWARD SEEPAGE
- -

At C,

«  Total stress: o0 = Hy vy + IV

h
* Pore water pressure: i, = (Hl + z + Ez)-}rw

2
» Effective stress: oo = 0 — ¢
B h
= Z(Ysw — V) — e
o, h
iy EZ?W e=1¢ Valve (open)
Inflowr
fa)
[ F _r
|:._:rl::l — E.}" EE-:F.ﬁ 0 Total stress, & . UPm-c watc:pm-sgum,:_u 0 Efﬁ:cti»tatm‘ss.cr’:
H, Hyva HD‘E‘ ________ _‘U
+ Therefore the effective P I L It oo

stress decreases when
there is upward seepage. It

decreases by exactly the o Hinat By =) (B + Byt bl By - de
Increase in p.w.p. Y ' '

Drepth Depth Depth
] () G

H + H,




UPWARD SEEPAGE

<>
|
x|

< —>

Valve (open)

Up= YWhp =yYwHq
So we directly can apply Ug= Ywhy = v,y (Hy + Hy + h)
u=y, h,

h
Uc = YWhp =VYw(z+Hy+ H_ZZ)




ONE-DIMENSIONAL FLOW

WITHOUT SEEPAGE UPWARD SEEPAGE

¥
FE =
H ¥ A

Lk - g - B
_T :!-'Lrﬁ‘ 1 5 L’y _,'|‘n:-|}'q "".'L:'L"q
n v
I

'

A )
b ~u
L3

i "4

r L "l-._
j::— J = A Ch -IT"-".;‘:
o Hy Y- Fisve im
I: L . -: :I: \:‘-
i REAERCAY
o ™ (A 4:'-".'.":‘0
e — ___ | LI LI L YL B
c Valve (closed) b Walve (open)
Inflow
(a (a)
0 Total stress, o N Pome water Pressre. i 0 Effectve stress, o’ N o Total stress, o UPDIC walel pressuns, i o Effective stress, o'
H, H H H,
H e __] e __ ..D H, I We _10
H+z Hl—.'r"+ e a{lj_zﬁ_"___ zr’ Hy+:z fH_l j:_-l__llf}_}r'i 2y~ i2ye
H +H, - - Hy + H, - - '
< Hyot Hyg = = (Hy+Hy, (= <Hy's| = Hiyvat Hypg = >+ Hy+ e s Hy' = by«
L J W ¥ ¥ ¥ ¥
Depth Diepth Depth Dhepth Diepth Depth
1] () (d)

ih) icl (d



EXAMPLE
- -

For the case shown, determine;- . T
The effective stress at point (A) 3m
L_ Datum
The unit weight is 18.0 kN/m3 ' A
Solution T
4|m
4 —_ _ | v
Oa) = Oa) — U | g

M L 4 I

u(A) — (hr(A) T Z(A)) x Y — (225_ (_4)) x

A
o, =9.81x1+18x3=63.81kPa I
h 3 -

=63.8-61.3=2.5 kPa

°(A)



EXAMPLE
- -

We can apply the following equation

directly =
3m
|
. Datum
O = Iy — [V¥y . ’;‘L;‘ '—L_é—‘l
| 1,
4‘m
3 KL

¢ =3x(18-981)-—x3x981=25kPa 2
(A) 4




Quick Condition (Boiling)

+ For the case of upward seepage, what happen if the hydraulic
gradient gradually increased. At a certain value of hydraulic
gradient the effective stress o' will be zero (Note that ' cannot
be less than zero).

rTrI_F = E].-'r — EE-:""E-.':

zy'—izy, =0 —————|° 4

4+ 1. is called the CRITICAL HYDRAULIC GRADIENT. It is the
value of i when a quick condition occurs.

G, -1
1+e

G-l
j> © 1+e

+ Recall that

7/' =Yeub = Vw Note: fully saturated soill




EXAMPLE 9.3

Example 9.3

A 9-m-thick layer of stiff saturated clay is underlain by a layer of sand (Figure 9.5).
The sand 1s under artesian pressure. Calculate the maximum depth of cut H
that can be made in the clay.

;

H

[ saturated clay [ Sand
Figure 9.5



EXAMPLE 9.3

Solution

Due to excavation, there will be unloading of the overburden pressure. Let the
depth of the cut be H, at which point the bottom will heave. Let us consider the

stability of point A at that time:
o, — (Y- H }Tsn{chﬂ
Wy = 3‘6Tw

For heave to occur, o, should be (. So

oy =y = (9 — H) Yy — 367,
or
(Y — H)18 — (3.6)9.81 =0
(9918 — (3.6)9.81
18

H= =T7.04 m




EXAMPLE 9.4
Example 9.4
A cut is made in a stiff, saturated clay that is underlain by a layer of sand
(Figure 9.6). What should be the height of the water, h. in the cut so that the
stability of the saturated clay 15 not lost?

Figure 9.6

[7] Saturated clay [7] Sand

Teu = 18 KN/m?
Solution

At point A,

For loss of stability, o/ = (.. So,

0y = (7T = 5) Yoy + 70 = (2)(19) + (R)(9.81) = 38 + 9.81h (kN/m?)
1y = 4.5y, = (4.5)(9.81) = 44.15 kN/m?

0y

wy =10
38+ 08lh—4415 =0

h=0.63m



DOWNWARD SEEPAGE
L BB Bionnhn

AtA,

* Total Stress: o,= H; %, m\ 1
* Pore water pressure: u, = H; %, . . . _L(“J
: H. ) b || )
« Effective stress: o’,= 0, -UA=0 T—Jf—a,g.;‘é_n-; RN TRY) =i
z u';ﬂ".-"jx.,qr__.u i
AL, R
* Total Stress: o= H, %, + H, ¥ l RN
o ST
* Pore water pressure: ug = (H;+ H,-h) %, Vetve topee)
« Effective stress: o ’g= H,(#q — yw)@)n Y e w
At CI 0 Total stress, o . uP'nn: mrp'cmn'c;___n o Effective stress, o' .
* Total Stress: o= H; %, + Z %t o | 0
* Pore water pressure: us = (H;+z—h/H, z) ¥, - byt .
= (H1+ Z—1 Z) Y
« Effective stress: o ’c= 2(four — %) + 12 Xy o . .
=7y > +iz %, :— Hyvw + HyYan —| "*:H|+Hz—-'lJTw|"" ={Hy + hy e

Depth Depth Depth
) (e (d)

= 27 DiZyw




ONE-DIMENSIONAL FLOW

WITHOUT SEEPAGE DOWNWORD SEEPAGE

- ¥
“- _; - h
22 H|*
Pl . _':‘_ Yy ( 2)
=] Y |
.i:,'l . faizi
i:; :l: —H—.-r‘
- A - B
il / T T T
— ot
=l Valve (closed) S —
Walve (open)
(a) Outflow
(a)
Total stress, o Pome water pressure, 0 Effectve stress, o
i i " 0 Total stress, o aPmmurp'ms:_n al’:‘f&cﬁumn"__
H].Tﬂ HlTu- I
Hl-*~———————— 4 H
H, 17 HE&& ________ 4 0
Hpvo+ iH +z
H +: Pu® Yea _1__3‘!"_-;___ 24 Hyv¥e + 2% Hy + 21— izlye + iz
H+:——————— % ——————
Hy + H, - - H + Hy . . .
< Hyyo+ Hyo == = (Hy+Hjy, (= (el e Hiyo + Hyyae = »{H + Hy— hiyle {Hy'+ byl
¥ ¥ w ¥ ¥ ¥
Diepth Diepth Diepth Deepth Depth Depth

ib) (e (d} bl fel {d)



ONE-DIMENSIONAL FLOW

UPWARD SEEPAGE DOWNWORD SEEPAGE

Intlona

e Valve (open)
Inflower Valve {open)
fa) Outflow
(&
Total stress, o UPUIC waler pressuns, i 0 Effective stress, o
" i i Total stress, & uP‘m water presswe. u Effective stress, '
HlTu- H]_T'ﬂ ] i i
Hj_ —————————— = H
H, 1% HI_TE ________ 4 0
fH1+E+iI1)Tq ¥ — iT¥w
———————— Hyve + 2% Hy +2—idye| oy’ +izve
H+:——————— % ——————
(H, + Hy+ hy H. s fir i ) . I
Lt Hyt e | Hy' = e e Hivo + Hoyae =3 >{H + Hy— hiyule >y + iyl
Y L i L L L L

Drepth Depth Depth Depth Depth Depth
(k) ] G () fel {d



SUMMARY

WITHOUT SEEPAGE UPWARD SEEPAGE DOWNWARD SEEPAGE

Intlow

i a® e s naaran
_f e A
A

L aw
L 4

—
I— ,"
S AR e
Valve (closed) [
Valve (open) Valve {open)
Inflow Chutflow
{a)
fal (a)
Total stress, o Pome water pressure, . Effective stress, o )
> 0 » 0 * Total stress, o Pore water pressure, v Effective stress, o Total stess. o Pome water pressure. & Effective stress, o'
0 > 0 > 0 > i s Lk LN il
Hyy, Hl'.f'u- I
——————————————————————— H H,
Fy 1 o 00 (LT 4 0 H, Hyyy, Hyyw ) 0
Hiput 21y (Hy +2hpa ¥ (H +z+r -
Ht: Hy+: _l_f__IE)f'l o'~ e Hi¥e T 0¥ Hy+ 1 — iy, ¥+ i
H+:t-—--——————-
H +H, ¥ * T H + H, . 4 *
e HipytHyy o) > H+Hy, je fely'>| e Hyyot Hyy = >{(H +Hyt By le »{Hy'= by e H + B » . *
e Hyyo + Hyva = + Hy— Ryl =Hy'+ byl
Depth Depth Depth Depth Depth Depth M ! v

(b) (© () ih) fe) () Depth Depth Depih
(b} (a (d)



SUMMARY

Static Case

oc=1y’

Upward Seepage

TE = Iy T DYy

Downward Seepage

Oc =zv' + izve <




SUMMARY
- -

EFFECT OF SEEPAGE

UPWARD SEEPAGE DECREASES EFFECTIVE STRESS

DOWNWARD SEEPAGE INCREASES EFFECTIVE STRESS



TWO-DIMENSIONAL FLOW
- -

« We have seen from the previous chapter how the total head is

obtained by solving Laplace equation, for the specific
boundary conditions.

« The problem can be solved graphically using flow net.

« Knowing the total head, the pressure head can be calculated
from Bernoulli's equation.

« Effective stress is obtained from effective stress principle.

o =o0—-U



EXAMPLE

Find the effective stressatpointsAandB | Jom

(both are at a depth of 2.6 m) if the unit
of the silty sand is 19.0 KN/m?,

_
=03—2x9 81+2.6x19 = 69.02 kPa

3
I hTB=3—7><§=O.375m
I

o =oc-Uu
04=5%X9.81+2.6x19 =98.45KkPa

3
hTA=3_1X§=2625m

2446
9.81 |4/, =98.45-70.9

uy =70.9 kPa = 27.57kPa

2.625 =

ug = 48.8 kPa

o, = 69.02 — 48.8
= 20.22 kPa




EXAMPLE

a) Find the effective stress at point D (located 1.8 m below line
AB) if the unit of the sand is 18.0 kN/m3.

[ 55m ‘—n

- * | %é
Sheet Sheet
Ipiling Z-fm Ipiling

RAK 0.9m } [ AR

A ‘ éDatum zim B

| D 6m

225m

b) Repeat part (a) if the water level behind the wall is lowered to the
ground surface and the water level rises 2.0 above the river bed.



SEEPAGE FORCE
L

@ We have seen in the preceding sections that the effective

stress at a point in a soil layer would increase or decrease due
to seepage.

@ For the hydrostatic case the effective stress at depth z
measured from the surface of the soil layer is given by

! !

o =y.Z
Volume of soil = 7A
. hmates baal A

w 4

@ Therefore, the effective force on an areaAis Lt osis

- L
P'=y.z.A S



SEEPAGE FORCE
P

@ If there is an upward seepage of water in the vertical direction
through the same soil layer, the effective force on an area A at a
depth z is given by,

o' =yz—izy,

P, =(.z-lzy,)A

Volume of soil = 74

' Ak - PR = e ™
RPN DT I C OIS
":'I-" "'":': S e ¢ " 1"'-:':' e -."h:': 1"-:? S :’:':;
.._u-t'lr ..'h. _l,: _ 1."‘: ..-.-*'I: . '-I'..- .{l..i_'*' ._i:.l
r . u.-"i,.'h-‘i,{ - ¢ 'i,;'i..-"l,.'h‘l' ,.l"-.-li.,| -
A AT I ST TN ATEO AT
L i Fl L w
+ ot —e s o I R 4 ~ _i.":: o4 s
iy

. 3
iy P2l 02 wAsueley 32T Pl el
®) f e



SEEPAGE FORCE
- -

@ Hence, the decrease in the total force because of seepage is

@ It is often convenient to express the seepage force per unit
volume. Hence the seepage force per unit volume of soil is

Pi— P, izyA
(Volume of soil ) A

= E-]"'-m

@ The force per unit volume, iy,, for this case acts in the
upward direction—that is, in the direction of flow.



SEEPAGE FORCE
L

@ Similarly, for downward seepage, it can be shown that the
seepage force in the downward direction per unit volume of

soil is Iy,
TR T i I TaTw e BT T ke
. * ‘_.l“.‘ i' "‘J"- “.l i., | |i'- “‘--Ji..‘
‘J - -"._ [} - =8 - . =8 -
g o P N T T e TR e T
e WL T r S -, w e
. :*"'_i |":- ":' = . :_C,'.‘.f-i'n';n: + -,'l'-.-h'i' *-""‘-'u
':ET + IETH.I'}A .*: "‘l-"”: "‘i‘ -ETA -h"-.ll.;: .in..'l.il l-."-'l.;: l'Iin..'llli ;:
‘.J..‘ FLE .4‘: - ' ] -.'J oy B ’
e et " e fua® Sea®e® Swl®a iz%,,A (= seepage force
pivdeiinde RsalinUan  [enlne Tasil)
(c)

Remarks

+ Flow nets can be used to find i at any point and, thus, seepage
force per unit volume of soil. This is important in analyzing the
stability of structures where heave is of a problem.

<+ In an isotropic soils, the force acts in the same direction as the
direction of flow.




SUMMARY

Volume of soil = =4

Static (Hydrostatic condition)
Effective
o =1 }” Force

Upward Seepage

I-l-— 1

RN (RRREE LN

Volume of sl = A=
Seepage

force

7y’ — iy A

G’Z}/Z-iZQ/W[ {

Illllllllllllll_lzllllll

Seepage
force

GED 2y, A

’ -
o =y1+12y '
W Force due to (a) no seepage: (b) opward seepage; (c) downward seepage on a

volume of soil

Downward Seepage ‘+

iy, A = seepage foroe

ic E



SEEPAGE FORCE

Seepage force per unit volume — determination from flow net

o From the preceding discussions, we can conclude that the
seepage force per unit volume of soil is equal to .y, and in
Isotropic soils the force acts in the same direction as the

direction of flow (i.e. upward or downward).

o This statement is true for flow in any direction.

o Flow nets can be used to find the hydraulic gradient at any
point and, thus, the seepage force per unit volume of soil.



SEEPAGE FORCE
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This is taken from a flow net

Flow line
'y
Average T
piezometric Ah
elevation along B} !
the face @/ ¢/ a’
Average
\ ! h . .
: k ; . . p|ezometr|c
- Q elevation along
Isina b the face b/d’
o L ]
J’. ¢’ -
Equipotential line e P AR
dl
WYy d

o The soil mass has a unit thickness at right angles to the section shown.
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W= (DI} 1)y, Hydrostatic Forces

/

AF=h y I+ 1y, sinae—h,vy,/l
From geometry

hy, = hy + Isina — Ah

AF = h%f + [* vy, sin

— (K +Isma — Ah)y,/

AF = F{¥,m — Yu) sina + Ahy,l

, Seepage force/unit volume = ———— = i
= [y' sina + Ahy,l PaE 2 R
) - where i hydraulic gradient
component of  secpage ] ]
the effective force along the direction of flow.
welght of sml

in directon of

Alow Exactly the same found before

Ahy, 1




EXAMPLE 9.5

Example 9.5

Consider the upward flow of water through a layer of sand in a tank as shown
in Figure 9.10. For the sand, the following are given: void ratio (¢) = (.52 and
specific gravity of solids = 2.67
a. Calculate the total stress, pore water pressure, and effective stress at
points A and B.
b. What i1s the upward seepage force per unit volume of soil?

[ sand

Figure 9.10 Upward flow of water through a layer of sand in a tank



EXAMPLE 9.5
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Solution

Part a
The saturated unit weight of sand is calculated as follows:

(G, +e)y, (261 +052)u51

— 3
Ya T T T TT052 eem/m
Now, the following table can be prepared:
IOtaI p.w.p Effective stress,
SIress Pore water pressure, u F=o-u
Point Total stress, o (kN/m?) (kN/m?) (kN/m?’)
A 0.7 1y, = (0.7)(9.581 343
Yo T 10 = (0.7)(9.81) [(1 +07) + (E]{lll"r.. 3
+ (1)(20.59) = 27.46 2
= (2.45)(9.81) = 24.03
B 0.7y, + 2y, = (0T)(9.81)  (2+0.7+15)y, DB
+(2)(20.59) = 48.05 = (4.2)(9.81) = 41.2
Part b
Hydraulic gradient (i) = 1.5/2 = 0.75. Thus, the seepage force per unit volume
can be calculated as

iy, = (0.75)(9.81) = 7.36 kN/m?®



HEAVING

Heaving in Soil Due to Flow around Sheet Piles

Table 9.1 Variation of C, with D¥T

DIT C,
0.1 0.385 u
0.2 0.365 (a) (b)
gi gg:g B Heave zone B Impermeable layer

0.5 0.347

(1K) 0.339

0.7 0.327

0.8 0.309

0.9 0.274




EXAMPLE 9.6

Example 9.6

Figure 9.14 shows the flow net for seepage of water around a single row of
sheet piles driven into a permeable layer. Calculate the factor of safety against
downstream heave, given that y_, for the permeable layer = 177 kN/m’. ( Note:
Thickness of permeable layer T = 18 m)

Sheet pile

-

H =10m

.

6Hm

2

“Hy=135m

Vo = 17.7 KN/

B Heave zone B Impermeable layer
Figure 9.14 Flow net for seepage of water around sheet piles driven into permeable layer



EXAMPLE 9.6
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Solution

From the dimensions given in Figure 9.14, the soil prism to be considered is
6 m ¥ 3 m in cross section.

The soil prism is drawn to an enlarged scale in Figure 9.15. By use of the
flow net, we can calculate the head loss through the prism.

Atb,
L. 3
Driving head = E{H] — H))
Ate,
. 1.6
Driving head == o (H, — H,)

Similarly, for other intermediate points along bc, the approximate driving
heads have been calculated and are shown in Figure 9.15.

e 3m—sly
Soil prism °F
pns m =1
= B
=
gl
]
b 0.5/

Figure 9.15 5oil prism—enlarged scale



EXAMPLE 9.6

The average value of the head loss in the prism is 0.36(H, — H,), and the
average hydraulic gradient is

. 036(H, — Hy)
fav — I

Thus, the factor of safety [Eq. (9.20)] is

¥y v'D __ (17986 _
iny. 036(H,— H)y, 036(10— 1.5) x 9.81

Fy =

Alternate Solution

For this case, D/T = 1/3. From Table 9.1, for D/T = 1/3, the value of C, = 0.357
Thus, from Eq. (Y.22),

Dy (6)TT-981)
B = G, — Hy ~ (035708110 - 15) 1 Low




What are of
concerned?

Uplift
Pressure
|_— 6y, kN/m?
v iy
By, KN/m2

(b)

Exit
gradient
iC
piping_-
exit
g
d e f
The uplift force per unit
%an’i"wmi length measured along the
5o KN/m? axis of the weir can be

calculated by finding the area
of the pressure diagram.
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Dams constructed over deep homogeneous deposits

0.0

= Toe sheeting only
——- Heel and toe sheeting



EXAMPLE 9.7

Example 9.7
Refer to Figure 9.16. For the flow under the weir, estimate the factor of safety
. B
Solution
‘We can scale the following:
H=42m
I=165m

¥ ——

!




EXAMPLE 9.7

From the flow net, note that N, = &. So

H 42
N8 0.525 m
Al 0525
| == =2 0318
fait =7 T 765
From Eq. (9.24),
. G,-1 268-1
W= Tre 11055 108
From Eq. (9.23),
FS = l_" — ﬁ = 3_14

i 0318



FILTERS

USE OF FILTERS TO INCREASE FS AGAINST HEAVING




FILTERS
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USE OF FILTERS TO INCREASE FS AGAINST HEAVING

WITH FILTER NO FILTER
. Dy .
o 7/+(E)7/F £S — IL
iy 7w av/’w
FS _ Dy'+Dyye FS _ Dy

Corw(Hy —H)5) Corw(Hy —H>)



EXAMPLE 9.8

Example 9.8

Refer to Example 9.6. If the factor of safety against heaving needs to be in-
creased to 2.3 by laying a filter layer on the downstream side, what should be
the thickness of the layer? Given: dry and saturated unit weights of the filter
material are 16 kN/m® and 20 kN/m’, respectively.

:: im ]




EXAMPLE 9.8

Solution

Refer to Figure 9.18. The filter material has a thickness of ;. The top (D, — 1.5m)
of the filter is dry, and the bottom 1.5 m of the filter is submerged. Now, from

Eq.(9.27),

_ D?, + {Dl - I-S}Tﬂm + 157;
CﬂTﬂ(Hl o Hz}

FS

ar

)5 - (O17:7 - 981) + (D, ~ LS)16) + (15)20 - 981)
. (0375)(981)(10 - 1)

-D] = MT]]]



EFFECTIVE STRESS IN PARTIALLY SATURATED SOIL

c'=0—-Uu,+Xx(u,—-u,)

o = Effective stress
o = T otal stress

U, =Poreair pressure

U, = Pore water pressure
X =fraction of cross - sectional area of thesoil occupied by water
X =0 drysoil

X =1 saturated soil



CAPILLARY RISE IN SOILS
e

O The continuous void spaces in soil can behave as bundles of
capillary tubes of variable cross section.

O Because of surface tension force, water may rise above the
phreatic surface.

Height of Rise in a Capillary Tube

«—— Atmospheric pressure

Capillary tube

(b)

Figure 9.21 (a) Rise of water in the capillary tube; (b) pressure within the height of rise in
the capillary tube (atmospheric pressure taken as datum)



CAPILLARY RISE IN SOILS
e

Summing the forces in
the vertical direction

(E dz)h;yw = wdT cos a

+«——— Atmospheric pressure

where T = surface tension (force/length)
a = angle of contact
d = diameter of capillary tube
¥, = unit weight of water

> h = 47 cos o
dy

For pure water and
clean glass, a =0.
h

_ 4T
@) (b) ° dy,

Figure 9.21 (a) Rise of water in the capillary tube; (b) pressure within the height of rise in 1
the capillary tube (atmospheric pressure taken as datum) hu x E




CAPILLARY RISE IN SOILS
s

O The capillary tubes formed in soils because of the continuity
of voids have variable cross sections.

Water can occupy only
the smaller voids; hence,
the degree of saturation
Is less than 100%.

Sandy soil

'S

100
Degree of saturation (%)

This corresponds to the
largest voids.
(a) (b)

[ sandy soil [] Water

Figure 9.22 Capillary effect in sandy soil: (a) a soil column in contact with water;
(b) variation of degree of saturation in the soil column



CAPILLARY RISE IN SOILS
-

C

h, (mm) = p
10

C, = aconstant that varies from 10 to 50 mm?

Table 9.2 Approximate Range of Capillary Rise in Soils

Range of capillary rise

Soil type m
Coarse sand 0.1-0.2
Fine sand 0.3-1.2
Silt 0.75-7.5

Clay 7523




Effective Stress in the Zone of Capillary Rise

og=og +u

O The pore water pressure u at a point in a layer of soil fully
saturated by capillary rise is equal to

u=-y,h

O Where h is the height of the point under consideration
measured from the groundwater table.

O In case of partial saturation, p.w.p. is approximately given by

“="\100)"v

where S degree of saturation, in percent.



EXAMPLE 9.8
e

A soil profile is shown in Figure 9.23. Given: H;, = 1.83 m, H; = 091 m, H; = 1.83 m.
Plot the variation of o, u, and o' with depth.

A
E ST

i 265 oo s
Yd(sand) — - N = . m

—-——T—-—.—_——__——-————-

2.65 + 0.5x0.5 % ‘ T
! e

Vsand = 1105 9.81 Zomofcaplﬂary rise |

= 18.97kN /m3

: G 1--165 e:ﬂﬂ

I

wGy 0.42x2.71 ,
e= S = 1 T w = 42% (moisture content)
' G, =271

2.71 + 1x1.14
1+1.14

.9.81 = 17. 65 kN /m3

i

Ys(clay) =

[] Sand [E] Saturated clay B Rock



u = 0immediately above iImmediately above

immediately below immediately below

7 (kN/m?) = (EN/m2)
0.0 : 0.0 .
31.7
1.83 31.7 —4.4 183 F——- 36.17
2.74 48.97 — 2.74 48.97
4.57 . 4.57
81.20 17.95 63.34
Y L J Y

Depth (m) Depth (m) Depth (m)

u=— (=) ywh=—(55)X9.81X0.91 = —4.46



THE END



