SEEPAGE of SOIL
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Failure of Teton Dam, June 5, 1976 (Teton River, U

Texthook: Braja M. Das, "Principles of Geotechnical Engineering”, 7" E. (Chapter 8).



Introduction

Around 7:00 am on June 5, 1976 a
leak about 30 m from the top of
Teton dam was observed.

The Dam Broke at 11.59 AN

Post Failure Observation
* Seepage piping and internal erosion
» Seepage through rock openings
* Hydraulic fracture
» Differential settlement and cracking
» Settlement in bedrock




Introduction

Levee Stability: Seepage and Tunneling Embankment : prevent the overflow

Seepage and tunneling have been T
the most common cause of levee Tunnellng
failures in the system. Seepage / s

occurs when the water seeps

through the tiny soil pores and ﬂ Tumneing i sand ayer )\ =

finds its way into some bigger
cracks. B

Once the water enters some of the larger cracks, the water meets less
resistance and may start moving enough to entrain some of the surrounding
soil particles, carrying them away and making the crack bigger. This starts a
process of “tunneling” where a tiny crack becomes larger and larger as the
water starts moving through i1t and carrying the surrounding soil particles
away with it. Eventually the crack widens to the point where the water comes
rushing through the levee and crumbles the entire structure.




Introduction

Levee Stability: Seepage and Tunneling

Another type of seepage and tunneling Seepage berm

can occur underneath the foundation
of the levee rather than through the
levee. In some places, there may be a
sand layer in the soils below the levee
foundation. Because the sand lacks
cohesion, water infiltration may cause
tunneling in the sand layer. This can
cause “boils” to come up on the land
side of the levee and may eventually
undermine the Ilevee foundation
causing failures.




Laplace’s Equation of Contunity

In reality, the flow of water through soil is not in one direction only, nor is it
uniform over the entire area perpendicular to the flow. In such cases, the
groundwater flow is generally calculated by the use of graphs referred to as
flow nets. The concept of the flow net is based on Laplace’s equation of
continuity, which governs the steady flow condition for a given point in the
soil mass.

« Laplace equation is the combination of the equation of continuity and
Darcy’s law. "
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Laplace’s Equation of Continuity

Flowin: v.dxdz, v dxdz, v .dxdy

: v 3
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Laplace’s Equation of Continuity

From Darcy’s law, we have:
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* Replace into the continuity relation we get:
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* [fthe soil is isotropic, we have:
k =k =k =k

« Then the preceding continuity equation simplifies to:
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* This is Laplace equation




Laplace’s Equation of Continuity

Simple flow problems:llD solution of Laplace equation

We consider the case of only vertical flow as shown in the figure, in which a
constant head is maintained across a two-layered soil for the flow of water.

* The head difference between the top of soil 1 and the bottom of soil 2 is 4,.
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=

* The solution of this equation is easy to get by

Because the flow is in only the z direction, the
continuity equation is simplified to the form:

(2)

having a integration of /i with respect to z twice:

h=Az+A

where 4, and A4, are constants.
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Laplace’s Equation of Continuity

The constants 4, and 4, can be determined by the boundary conditions.
i

Forsoill: = |

Woater supply

Condition 1: at z=0, h = h,

AE e hl (4) '::"';l'."':" ‘_;'_.i _:____ OTREL S |
Gimasing = TT i
Condition2: at z=H,, h=h, _:__ - hwui g

*
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R l l z = H
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h=AH +h S Soil 2 k) 44 .'f
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Combining Egs. (3), (4), and (5), we obtain:

h=_[hnh:}r+hl for 0<z<H (6)
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Laplace’s Equation of Continuity

For soil 2: s Water supply
e o
Condition1: at z=H,, h= h,
A=h-AH (7) . ‘
Condition2: at z=H+H,, h=0 SHPLETY <=1 i
._t_ v -‘\-ulllil H &= k = H
0=A(H +H,)+(h-4H) = ?F?‘?T:':"::-f:.l__*_ z=H,
AH +AH +h —-AH =0 ' S b,
z - - h h:'.:d"'l‘li"‘..l _________ 2=H'I+H‘}
Gfl AI =——= {8) ‘
H:
Combining Egs. (3), (7). and (8), we obtain:
h:(;)z—t—hz[ g*} for H £z<H +H, (9)
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Laplace’s Equation of Continuity

At any given time, flow through soil 1 equals flow through soil 2} so:

q1=4q;=¢q then, qg==k [;? I;Ih ]A k. [hH?GJ
Bk  Fif8 0 fmmmmmm e o e e e e om—o
or, h = — (10) 'where A4: area of cross section of the scull
H[i +k—J | k,: hydraulic conductivity of soil 1, '
H H, :L k,: hydraulic conductivity of soil 2-

« Substituting Eq. (10) into Eq. (6), we obtain :

h=h|1- k2 for0<z<H (11)
kH, +kH

« Similarly, substituting Eq. (10) into Eq. (9), we get:

h=h uf (H +H,—z)| for H<z<H +H, (12)
kH +kH - - '
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Flow Nets

In an isotropic medium The continuity equation represents two orthogonal
families of curves:

Flow lines: the line along which a water particle will travel from upstream
to the downstream side in the permeable soil medium;

Equipotential lines: the line along which the potential (pressure) head at all
points is equal.
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Flow Nets

Flow nets: the combination of flow lines and equipotential lines.

To complete the graphic construction of a flow net, one must draw the flow
and equipotential lines in such a way that:

1. The equipotential lines intersect the flow lines at right angles.
2. The flow elements formed are approximate squares.

<— Sheet pile
Water level _T_ %
Hy "% X Wates level
L b alld - e H
f .
N is the number of flow
. B channels in the flow net.

|‘|r: ]
Ng=6 Nyt is the number of potential

e ) Lo n,
o L W iy
Impervious layer SRS =SERie Sa
'r".r"- L, B e

i P T e
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Flow Nets

Drawing a flow net takes several trials. While constructing the flow net, keep
the boundary conditions in mind. For the flow net shown in Figure above,
the following four boundary conditions apply:

* Condition 1: The upstream and downstream surfaces of the permeable layer
(lines ab and de) are equipotential lines.

* Condition 2: Because ab and de are equipotential lines, all the flow lines
intersect them at right angles.

« Condition 3: The boundary of the impervious layer - that is, line fg - is a flow
line, and so is the surface of the impervious sheet pile, line acd.

« Condition 4: The equipotential lines intersect acd and fg at right angles.

14



Flow Nets

Flow net under a dam with toe filter:

Toe filter

oo
© L
I
-
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Seepage Calculation from Flow Nets

In a flow net, the strip between any two
adjacent flow lines is called a flow

channel. \ b

The drop in the piezometric level hy
between any two adjacent equipotential

I
lines is the same and is called the ifn +;1
potential drop.

The flow rate in a element:

&ql :&qz :&q} :.,.:&q

From Darcy’s law, the flow rate is equal to (kid). Thus,

A A[h ;h ]! _k[’?z;ha}fk(%}!:--* (13)

16



Seepage Calculation from Flow Nets

Eqg. (13) shows that if the flow elements are drawn as approximate squares,
the drop in the piezometric level between any two adjacent equipotential
lines is the same. This is called the potential drop. Thus,

h,—h,zhz—ki:h_‘—k:---:H > ,ﬁn:;fzﬁ'ci (14)
' S N, N
where H: head difference between the upstream and downstream sides.

N4 number of potential drops.

d

* If the number of flow channels in a flow net is equal to N;, the total rate of
flow through all the channels per unit length can be given by:

g=k— (15)

17



Seepage Calculation from Flow Nets

Although drawing square elements for a flow net is convenient, it is not
always necessary. Alternatively, one can draw a rectangular mesh for a flow

channel, as shown in the figure, provided that the width-to-length ratios for
all the rectangular elements in the flow net are the same.

* |n this case, Eq. (13) for rate of flow through the channel can be modified to:

M=k{¥]ﬁ=k(hﬁhj}h=k[h3;h4Jbﬁ='" (16)

* If b)/l, = by/l, = by/l; = i (i.e., the elements hy
are not square), Egs. (14) and (15) can be
modified to: N

q hy
s / hs h
n bl A :
Ag = kH£?J (17) /\‘ hlf y
3 v ;t"- I -
Aqy
N I Ay

g= kH(—*‘Jn (18)
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Seepage Calculation from Flow Nets

The figure below shows a flow net for seepage around a single row of sheet
piles. Note that flow channels 1 and 2 have square elements. Hence, the rate
of flow through these two channels can be obtained from Eq. (14):

k k 2kH

Agq +Aq =—H+—H=——-
N, N, N, Winseiwet po= T
« However, flow channel 3 has 'i TR Sl
rectangular elements. These =% BAS o cnone | =1
elements have a width-to- \ 32— Flow channel 2 5 = |
length ratio of about 0.38; g ”‘r:"’l‘f.?;ur‘;{’ / —— Flow chunnel 3+ =
hence, from Eq. (17): e, e
k
ﬂt{?} - H (0.38) P O
« So, the total rate of seepage can be given as:
g=Aqg +Aq, +Ag, = H
N,
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Flow Net in Anisotropic Soil

To account for soil anisotropy with respect to hydraulic conductivity, we

must modify the flow net construction. To construct the flow net, use the
following procedure:

Step 1:  Adopt a vertical scale (that is, z axis) for drawing the cross section.

Step 2:  Adopt a honzontal scale (that is, x axis) such that honzontal scale =
"L-?m X vertical scale.

Step 3 With scales adopted as in Steps | and 2, plot the vertical section through
the permeable layer parallel to the direction of flow.

Step 4:  Draw the flow net for the permeable layer on the section obtained from

Step 3. with flow lines intersecting equipotential lines at right angles and
the elements as approximate squares.

X, « The rate of seepage per unit length can be
& calculated by modifying Eq. (15) to:
HN
| g=EE= (9
t Vertical scale = 20 fi Nd
| [

PHIS 20



Flow Net in Anisotropic Soil

Flow element in anisotropic soil (in true section):

|
|
= | e
| | Scale 20 ft

f v
i — - i i
Pa—
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In-situ Stresses In Soil Mass

e & ‘ll-'!l-'-q‘- i...;u-#r.-‘. 5 - '1 i '.; o
|. | Effective Stress R S A S A e
A ¥

= = 'L-I-:-'. "11 "“-i_..h!_‘.--.-i- [l Y ‘I',' ‘L.'n‘I.:.'
2. | Effective Stress and Pore Water Fressurel A e T Al N
L B =" [t o Bl aEat
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3. I Stress in Saturated Soil without Seepage I L T 0% ":.. Zi?:-'.

4. I Stress 1n Saturated Soil with Upward Seepage I A .~-',r_,.'_ Py e

" . " L 3 e ’ . "
3 I Stress in Saturated Soil with Downward Seepage I R o et A

Texthook: Braja M. Das, "Principles of Geotechnical Engineering”, 7" E. (Chapter 9).



Effective Stress

As in other materials, stresses may act in soils as a result of an external load

and the volumetric weight of the material itself.

The pressure transmitted through grain to grain at the contact points
through a soil mass is termed asl intergranular or effective pressure {J']l It is
known as effective pressure since this pressure Is responsible for the
decrease in the void ratio or increase in the frictional resistance of a soil

Mdss.

* |f the pores of a soil mass are filled with water and if a pressure induced into
the pore water, tries to separate the grains, this pressure is termed as pore

oter pressure o o neutral sres]

water pressure (u) or neutral stress| The effect of this pressure is to increase

the volume or decrease the frictional resistance of the soil mass.
Total stress
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+ ‘¥l.‘;? B! 5 .-h_..-':--_.,.n_ ]
G et IR s T T Pore water

e— Solid particle




.
By Terzaghi (1923)
P=% N'+uA
- I
| A A
.. _ j '
; O =0 U




Consolidation analogy: Transfer
of stress to soil skeleton

A\l
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—> Since this stress is responsible for the

Effective Stress & Pore water Pressure

Case 1: Dry sand under load (Q)

The load applied at the surface of the soil is

transferred to the soil grains in the mold — 2 Piston
through their points of contact.

* |If the load is quite considerable, it would result
in the compression of the soil mass in the mold. x ¥

* |If the sectional area of the cylinder is 4, the ¥ m.f’{ﬁ

average stress at any level X-Y may be written

d5. B Q

Soil under load in a rigid container

deformation of the soil mass, it is termed the
intergranular or effective stress. | We may
therefore write:

Intergranular pressure

g =0



Effective Stress & Pore water Pressure

Case 2: Fully saturated sand under load (Q)
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If the same load @ is placed on the piston, this § %% 3
3 LATY
load will not be transmitted to the soil grains as %:f!‘-ﬂlﬁ,%‘iﬂ;ﬂ’-’:ﬁﬂ'g
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* |If we assume that water is incompressible, the
external load will be transmitted to the water in
the pores.

* The pressure that is developed in the water is
called thel pore water or neutral stress (u)] This
pore water pressure prevents the compression
of the soil mass. The value of this pressure is: Poh e i




Effective Stress & Pore water Pressure

Case 2: Fully saturated sand under load (Q)

If the valve provided in the piston is opened, immediately there will be
expulsion of water through the hole in the piston. The flow of water
continues for some time and then stops.

The expulsion of water from the pores decreases the pore water pressure
and correspondingly increases the intergranular pressure. At any stage the
total pressure (/4 is divided between water and the points of contact of
grains. A new eguation may therefore be written as:

Total pressure o = 9 = Intergranular pressure + pore water pressure
.-".'I ’——_----N
{¢ ; s‘
or \?- =ag T+ u_,

~--————‘

Final equilibrium will be reached when there is no expulsion of water. At this
stage the pore water pressure u = (). All the pressure will be carried by the

soil grains. Therefore, we can write;
{z’ RN
. s )

~~--——_—”

-y gy,
~y



Effective Stress & Pore water Pressure

In summary, the total stress is the sum of the effective stress and the pore
pressure (neutral stress). The effective stress is carried by the soil skeleton.
The pore pressure is carried by pore water.

(N !
| O=0 U o : Total stress;
\ U

or o' : Effective stress;

——————————————————————

tt : Pore water pressure.

Total stress

The effective stress in a soil mass
controls its volume change and strength.
Increasing the effective stress
(equivalent to reduce the pore pressure
if the total stress is constant) induces

soil to move into a denser state of
packing.




Stresses in Saturated Soil without Seepag—:

The figure shows a column of saturated soil mass with no seepage of water in
any direction. The total stress at the elevation of point A can be obtained

from the saturated unit weight of the soil and the unit weight of water above
it. Thus,

o=Hy. +(H —H)}f
=Hy.+Hy. —~Hy., S
i L (P ‘H?m @ i s

H(y.,-v.)-Hly,—7)+Hy. st
Z[H;—H){}’,.,_._}’H-FH;K
=(H,-H)y+Hy,

=g +u

Fa1

|_-l'— Lmu—!rLru imal area

where ¥ =y —7 equalsthe submerged unit weight of soil.



Stresses in Saturated Soil without Seepag&

Plots of the variations of the total stress, pore water pressure, and effective
stress, respectively, with depth for a submerged layer of soil placed in a tank
with no seepage:
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Stresses in Saturated Soil with UPward Seepag_e

If water is seeping, the effective stress at any point in a soil mass will differ

from that in the static case. It wiil increase or decrease, depending on the

direction of seepage.
. At A

« Total stress: o, = H v,
«  Pore water pressure: u, = H, v,
Effective stress: oy = oy — 4y, =0

AL B,
| PEaimeaTieas]
R i s 0 .Ihl [TTT] pre— «  Total stress: o5 = HyYe + Havaa
s Vilve fopen) » Pore water pressure: uy = (H, + H. + h)y,
S— « Effective stress: oy = oy — Uy
ALC. = HalYa — Yu) — MYu
= Hyy' — hyy

» Total stress: o = Hyy, + 7

h
* Pore water pressure: - = | H, + 2 + H | Yu
: h

= UV — Vo) — 7 % - gy =g
A TEEE r'-"Irl‘ }f:":'?ﬂ.i - 'T .It'fl TI!' o

»  Effective stress: oy, = op — i



Stresses in Saturated Soil with UPward Seepag_e

Note that@is the hydraulic gradien@aused by the flow, and therefore:

o =zy —izy

If the rate of seepage and thereby the hydraulic gradient gradually are

increased, a limiting condition will be reached, at which point:

o =zy' —izy,

where i_.: critical hydraulic gradient (for zero effective stress).

* Under such a situation, soil stability is lost.

referred to as boiling, or a quick condition.

This situation generally is

* For most soils, the value of i, varies from 0.9 to 1.1, with an average of 1.

10



Stresses in Saturated Soil with UPward Seepag_e

Plots of the variations of the total stress, pore water pressure, and effective
stress, respectively, with depth for a soil layer with upward seepage:

Total stress, o ﬂEhm* waler pressure, 0 Effective stress, o
.l"-. -— l"‘ - [
N\ Hyv., \Hyy. 0
H [ Fm e D 1
.\1 "h.l '..
b % '“..'
N\ HiYe+ Vs \H, +c+idy,] \oy'-itve
i + 1 ———<m——————— o s e =1
'L'-\.I'.' I'-"- I"II
. 1‘-. '\\-
-hxll \ ."'..\
Hy, +H > ) T N
— Hyyo+ Hyvo = »|H, + Hy+ By e > Hay — by, <
Y Y Y
Depih Depth Depth
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Stresses in Saturated Soil with Downward SeeEage

variation of total stress, pore water pressure and effective stress with depth
for a soil layer with downward seepage:
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* The hydraulic gradient caused by the downward seepage equals
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Example

A layer of saturated clay dm thick 15 overlain by sand Sm deep, the water table
bemg Sm below the surtace. The sabarated wmt weights of the clay and sand are 1%

and 206’ respectively, above the water table the unt weyght of the sand 1z

17k, Plot the vahes of fotal vertical stress and|effective verical siress lagainst

depth If sand to a heght of 1m abowe the water table 13 satorated with capdlary
water, how are the abowve stresses afected?

Solition:

T

The total verhical stress 15 the weight of all matenal (sobdstwater) per urit area
ove the depth i queston FPore water pressure 15 the hydrostatic pressure
rrespondng to the depth below the water table

et (1n) a, (kM) w (klim®) o = a, — u{kNim?)
T ~ 510, 1 51.0
: (3= 17) = (2 = 200 = 9l-n: 2% 9.8 =196 : 714
I (3= 07) #2200+ (4219 = 16701 698 =588 | 1082




o &0 100 150
kM Aim?®

The @temnatwecalculation of 6, at depths of 5 and 9m iz as follows:

Buoyant unit weight of sand = 20 — 9.8 = 10,2kMN/m’

Buovant unit weight of clay = 19 — 9.8 = 9.2 kN ,/m’

At Smodepth: o) = (3% 17) 4+ (2 2 10.2) = TL4AKN/m?

At 9m depth: o, = (3% 17) 4 (2 = 10.2) + {4 = 9.2) = 108.2kN/m?



The water table 15 the level at which pore water pressure 15 atmosphenic {ie.

u =10 Above the water table, water 13 held under negahve pressure and, even o
the sod 15 sabarated abowe the water table, does not contmbute to hydrostatic

pressure below the water table. The only effect of the 1lm capdlary nse, therefore,

18 to increase the total vt weight of the sand between 2 and 3m depth from 17 to

20kMfe’, an merease of 3KM/m®. Both total and effective vertical stresses below
Im depth are therefore increased by the constant amount 3 x | = J0KN/m®, pore

water pressures being unchanged.




Example

A S depth of sand overbes a &m layer of clay, the water table being at the
surface, the permeabality of the clay 15 very low. The saturated unt weight of the

sand is 19k and that of the clay 13 20610 A 4m depth of 81l material of wnit
weight 206Mim® is placed on the suface over an extensive area Determine the
effective verhical stress at the centre of the clay laver (a) immediately after the £l

has been placed, assuming thas to take place rapidly and (b) many vears after the @l
has been placed.

Since the fill covers an extensive area it can be

Sand : assumed that the condition of zero lateral strain

applies. As the permeability of the clay is very low,

m ‘""W dissipation of excess pore water pressure will be very
e | low immediately after the rapid placing the fill, no

e R ssss | appreciable  dissipation will _have taken place.
Therefore, the effective vertical stress at the centre of
== |the clay layer immediately after placing will be

Il =

—————————— | virtually unchanged from the original value.




Qx20=80NBD) |11y Yy

Immediately after placing the fill 5
) HN
sand 19
(t—= g*) Approach 1 {
o', =5%9.2+3x10.2 Sii
— 76 6kN/m" P~ Same as T
before k walu:—:- ﬂ'}r la}' is Emﬂll

Approach 2 so effective stress do not

&', = 5x19+3x20 + 80 — (8x 9.8 + 80)| nerease right the way

Pore pressure
Increment
Many years after placing the fill (t = )

— u(kN/m) [ 6" (KN/m°)
6 s, = 80 +5x9.2+3x10.2 0 1734 6 €
—156.6kN/m" 10" |1584 76.6
t—oxc |[78.4 156.6







— Recharge j0one———ry

Ak
R

Aquifer and underground water

e

Artesian well= A well drilled

through impermeable strata to reach
water capable of rising to the surface
by internal hydrostatic pressure.

ETYMOLOGY:
French artésien, from Old French
artesien, of Artois, from Arteis Artois,

France (K T Chau)



Artesian Aquifer
An aquifer that has pressure built up inside. This pressure 1s the result
of the recharge area of the aquifer being at a higher level than the rest
of the aquifer region. The force of gravity pulls the higher water
down which creates extra pressure inside the aquifer. This 1s why
artesian wells tlow by themselves; the pressure forces the water out
of the well. WaTeY Tabie

permeable rock

-~ artesian well

Non=Flowing
Ariesian Well Fecharge Area For
Ariezdan Aquifer

Water Tabhle Well
pwine Artesian Well

e
.-_._':: -Tﬂtﬂr Tahle -E 1 l L] #' 1 .

impermeable rock

Piedhkm Geaplcs

Comrerdlarlaled Koek



. Example of Artesian Aquifer
in China (JINAN)




Piezometer, standpipe

Ground water table

Piezometer
standpipe mhﬂ\
GL Y
7 AN
Free or piezometer water level
\
= 4 gl |ol & t=reat
L - d F
a T r: -F
HD
¥
R =0

Piezometer tip or sand filter,

Intake shape factors F —=

|
L

Soil permeability = k

Sealing Grout

Bentonite Seal

(Usually Compressed

Pellets)

Filter

+— Sand




Floataion effect of foundation in saturated soil

g = j-:r*,_--i:).,
Effective stress > (0

p=(h—d+ D)v,,

{’T{_, —= L — = "‘:’ED - ’:u{h o ”II"' D:’ = [hfc* — "”;"HJD - #:'w'[h i r”

et o
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Flotation of a Pipe
o = GfmR2,

Tp = iy
ity F — ’"r'm'fi_RE._
' G=weight of pipe/m

F=flotation force/m

A pipe in the ground.

Stability criterion

Tp 2 Yw

FOS against floatation y
F



Artesian water pressure 1n the ground
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Water level
Effect of seepage r "
i = yu'h - .}(11,';" :} d _ a,h i
e T ¢
Hvdrostatic case dz dz
oy=yz : l o
du ,
de —=y Ty £ = elevation head
At F,,! dz :
dz +ve = upward flow &= ay—H
; —ve = downward tlow i = — .
Steady-state seepage case d-= d=

‘f y.. = volumetric seepage force \

+ve = downward tlow

—ve = upward flow




Critical Hvdraulic Gradient

_ : = Zero effective
o =2y —izy, =Y
stress

. y ' Soil particles
I = — separate

Quick condition
Boiling instabilitv

Factor of safety
against boiling

| instability




‘q =(0.25m’/h per m\

Example 2.3

k=g
. u'
0.25
4 5% 6/10x60°

=2, ﬁxlﬂ'jmxs

: =

[

,&'; lU:u:U 0

EX[T GRADIENT
ﬂf'?

=0.5

: mrn
Factnr of safety against bmlmg




Heave Instability

3 ._: -,l :;1

g Soil moves up (heave)



Summary: 2 types of instabilities

~critical hydraulic gradient i,

exit gradient

critical hydraulic gradient I

hydraulic gradient for soil block - I




Summary:

critical hydraulic gradient =i = -*“—

When hydraulic gradient equals the critical
hydraulic gradient, effective stress will
become zero. Thus, soil particles may
separate!! The soil mass is no longer a solid,
or it is called unstable or “instability”.




Total head within a continuous water mass is always constant

e = b =

g H 2s
Sy
A
-
e | C {:3; d
S,
| [ | @ "B _Y

Hydrostatic water pressure depends upon depth only.
Total head change = energy loss

(when water flow across soil)



