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CHAPTER 2
THEORIES OF SEEPAGE

According to the hydraulic gradient theory (1902) , the hydraulic gradient in the structure
should be less than the allowable value. Certain observations were established that the
subsurface flow may cause the failure of the impervious floor either by piping or by uplift
pressure.

2.1 Bligh's Theory (1910)

This is also called a creep theory, in which the length of the path thus traversed by the
percolating water is called the length of creep or the creep length. As the water creeps
from the upstream end to the downstream end, the head loss occurs. The head loss is
proportional to the creep distance travelled. According to Bligh, in a previous foundation,
the water percolates (seeps) along the base profile of the structure which is in contact with
the subsoil. The length of the seepage path traversed by the water is called creep length
(Lw). Also, the subsoil hydraulic gradient, which is the loss of head (H.) per unit length of
creep, is constant throughout the seepage path.

If H_ is the total head loss or the seepage head which is the difference of water levels
between the upstream and downstream ends and Ly is the total creep length, so the loss of
head per unit length is equal to Hi /L, is called the hydraulic gradient (see Fig. 1).

Figure (1): Examples of subsurface flows



In Figure 1, the water follows the path indicated by arrows. The total creep length (L)
with cutoffs is given by:

Where 0, dp, and ds are the depths of the upstream, downstream and intermediate piles
respectively. |1 and |, are the lengths between the upstream and downstream piles.

The head loss per unit length or hydraulic gradient is given by (see Fig.1b):

i = Hp Hy, _ Hj, )
L (AP I2)12.(d1ied2ids)  Drzditedzeds) “ooiirerreeesessesseseee

where, H_ = Hys— H p/s = difference in water levels between u/s and d/s ends, Hy;s=
water depth at U/Send, and Hp,s= water depth at D/Send.

The worst condition is that when no tail water exists at the D/Send, i.e. Hp;s= 0. In this
case H. = Hyss

Figure (1) shows the subsoil hydraulic gradient lines which presents the pressure heads at
the point below the impervious floor due to subsurface (seepage) flow. Also, the Figure
shows a sudden drop in the subsoil hydraulic gradient line at location of the piles

(cutoffs).

The head loss at any point of apron which shown in Figure (2) can be written as follows:

H
Head loss occurs on upstream cutoff = L—L 2d,
w

Head loss occurs on intermediate cutoff = ZI—L 2d,
w

Head loss occurs on downstream cutoff = f—L 2d5
w
Head at Point C = Total Head — Head loss occurs on U/S cutoff;

He = Huys - 72 2d,= Hy - =2 2d;= == (L, — 2d;)

AR AR AR R R R R AR R

— | S| S Sm—

Figure (2): Head loss at cutoffs.
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Figure (3): Bligh's Creep
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The exit gradient is the hydraulic gradient of the seepage flow under the base of the weir

floor. The rate of seepage increases with the increase in exit gradient, and such an

increase would cause ‘boiling’ of surface soil, the soil being washed away by the

percolating water. The flow concentrates into the resulting depression thus removing

more soil and creating progressive scour backwards (i.e. upstream). This phenomenon is

called ‘piping’, and eventually undermines the weir foundations.

For the safety of the hydraulic structure on pervious foundation, the subsoil hydraulic

gradient i, should be less than the permissible value to prevent piping failure.

Piping failure will not occur if the hydraulic gradient is equal to or less than a safe value.
Thus for a safe design,

P=0L L or Ly =CrHL oo 3)

Ly = Cq

where Hy, is the difference of water levels between upstream and downstream ends (no
water is shown at the downstream end), Ly is the creep length, and C; is Bligh's creep
coefficient, which depends upon the type of soil (see Table 1).

Table 1: Bligh's Creep Coefficient

. Cree Safe hydraulic
S0 o, ype it el coefﬁcierI:t, C gradie}rllt, 1/Cy
1 Light sand and mud 18 1/18
2' Fine micaceous sand 15 1/15
3' Coarse grained sand 12 1/12
4' Boulders and gravel mixed with 5t09 1/5to 1/9
) sand




The piping phenomenon can be minimized by reducing the exit gradient, i.e. by
increasing the creep length. The creep length can be increased by increasing the
impervious floor length and by providing upstream and downstream cut-off piles.

2.1.2 Safety against Uplift Pressures il sle iz il S50l Ladall dpda )i 4las
S g gl Lial) A ) s

The base of the impervious floor is subjected to uplift pressures as the water seeps
through below it. The uplift upstream of the weir is balanced by the weight of water
standing above the floor in the pond (Fig. 3 & 4), whereas on the downstream side there
may not be any such balancing water weight. The design consideration must assume the
worst possible loading conditions, i.e. when the gates are closed and the downstream side
is practically dry. The floor should be sufficiently thick to prevent its rupture due to uplift
pressure, i.e. the weight of the gravity floor must be sufficient to counterbalance the uplift
pressure.

The impervious base floor may crack or rupture if its weight is not sufficient to resist
the uplift pressure. Any rupture thus developed in turn reduces the effective length of the
impervious floor (i.e. reduction in creep length), which increases the exit gradient. The
provision of increased creep lengths and sufficient floor thickness prevents this kind of
failure. Excessively thick foundations are costly to construct below the river bed under
water. Hence, piers can sometimes be extended up to the end of the downstream apron
and thin reinforced concrete floors provided between the piers to resist failure by bending.
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Figure (4): Flow under a weir

Figure (4a) shows a simple horizontal floor of length L, subjected to seepage head of H,.
The residual head (h) at any point p is given by:

h=H, - f—; (WIthOUt CUt OFF) v, (4)

where | is the horizontal length between point A and p.
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The residual head (h) can also be obtained from the subsoil hydraulic gradient line
(H.G.L.).
h=h+t
where 1 is the thickness of floor.
Figure (4-b) shows the uplift pressure diagram on the bottom surface.
The upward force, F acting on the unit area (i.e. A = 1) of the floor due to uplift pressure
is given by:
=§ or; F=PA ie F=y,hA
In this case the pressure head is equal h', so
F=p,h' X T =9 (M) e e (5)
where, ¥, is the specific weight of water.
The downward force W due to the weight of the floor material is given by:
W=vr V=GVl = (Ge¥) tX] oot (6)
In which Gg is the specific gravity of the floor material .
Equating the last two equations (5) and (6) results:
F=W
Ywh' = Grywt
Yw(h+1) = Gyt
h= Gf t-t
h=1(Gs-1)
h
(6r-1)
For concrete material y; =25 ton/m® ,and G F 1=15=t = gh

t:

In general, a factor of safety 4/3 is adopted. Thus

2.1.3 Limitations of Bligh's Theory

1. The Bligh theory does not differentiate between the vertical creep and the horizontal
creep and gives the same weightage to both, which is not correct. Actually, the vertical
creep is more effective than the horizontal creep.

2. The theory assumes a linear variation of the head loss, which is not correct. The actual
head loss variation is non-linear (see Fig. 2).

3. No distinction is made between the head loss on the outer faces and that on the inner
faces of the sheet piles. Actually, the outer faces are more effective than the inner faces.

4. The theory does not emphasize the importance of the downstream pile without which
piping failure occurs. It considers the downstream pile as a component of the total creep
length and not as a controlling factor for the exit gradient and the piping.

5. The theory does not give any theoretical or practical method for the determination of
the creep coefficient C;.

6. Bligh did not consider the effect of the intermediate pile.

7. The theory does not give the approximate results if the horizontal distance between the
piles is less than twice their depths.



Example 1: In the Figure below, a hydraulic structure built on fine sand (C; = 15).
Determine (a) whether the percolation gradient is safe. (b) Uplift pressure at points A, B,
and C at distances 15, 25, and 35 m from the upstream end. (¢) Thickness of floor at
these points. Use Bligh's theory. Take G¢= 2.24.

+ -
4i“ A B C
Tq—15m —p»4+—— 1I0m —pe+—— 10m —
6m
i &m
< 35m »
Solution:

(@) Creeplength, Ly=6x2+15+10+10+8x2 =63 m,
H;= U/S water level — D/S water level =4.0m—-0.0=4.0 m

Hydraulic gradient, i = Hi/Ly,
1=4/63 =1/15.75 < 1/15 (safe)

(b) Uplift pressure head h, at point A = H,_ - f—L x(2d+1)
w
— 1 =
=4-[——x(2x6+15)]=229m

at point B =4 - [Z—x (2x 6+25)] = 1.65 m
at point C =4 - [——x (2 x 6+35)] = 1.02 m
Check uplift pressure head at point C = F175 x(2x8)=1.02m (OK)

(c) Thickness of floor,

t=3G5)

Atpoint A, t== (;5) =246 m
At point B, tZi3 (%) =1.77m
Atpoint C, t== (55 = 1.10m



Example 2: Find the hydraulic gradient and uplift pressure and the thickness of floor at a
point C, 15 m from the upstream end of the floor in the Figure below. All dimensions in
meter.

Solution:

Water percolates at point A and emerges at point B
Total creep length (Ly,) = 2x6+10+ 2x3+ 20+ 2x8 = 64m
Head of water on structure (Hy;s) = 6 m = H,

Hydraulic gradient, 1=H /Ly =6 /64 = 1/C; = 1/10.67

According to Bligh’s theory, the structure would be safe on sand mixed with boulders &

Gravel
Creep length up to point C=2x6 + 2x3 + 15 =33m

The residual uplift pressure (h) at the point C is:

h=H, - (f—;)[ | +2d; +2d3], where d; =6 mand d; =3 m

=6- 634 (2x6 +15 +2x3)=2.91 m

The thickness of floor at C is:

_ 4, h 4,291
t=3 (Gf—1) 3G~ 27T m




Homework No. 1: For the hydraulic structure shown below:

1. Find the uplift pressure at key points 4, and 7.
2. Find the thickness of floor at key point 6.

D/s
] Top
v
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-
Homework No. 2: For the hydraulic structures shown below:
Determine the creep length Ly
U.S.W.L.
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Example 3: Find the hydraulic gradient and the head at point D of the following structure
for static condition

AH=6m

DS BL
A"

Tm

15m

10m ! 20m

I 1 »

Solution:
The total creep length, Ly=2 + 5*2 +10 +2*3 + 20 + 2*7+ 2 =64 m
Hydraulic gradient, i = H /L,= AH/L,~= 6/64 = 1/10.66

According to Bligh's creep coefficient (see Table 1), the structure should be safe if Hy /Ly
< 1/C,. From Table 1 the structure is safe on sand mixed with boulders & gravel, i.e.

. H 1
i=—ft<—= orLy=CiH,
Ly (G

1/10.66 < 1/5to 1/9
Creep lengthup topoint Dis Lp =2+ 5*2+ 15+ 3*2=33m

The residual uplift pressure head (h) at D=Hy — (Hr/Ly) | = 6 - (6/64)* [2 +5%2 +15
+3*2]=29m

The thickness of floor at any point should be sufficient to resist the residual uplift
pressure.

_A () )=
t=1 <Gf_1> 1.33%[2.9/(2.24-1)] = 3.1 m

At the end of this theory, it should be noted that Bligh's theory is quite simple and
convenient.

Lo sl B s g il 038 (yamy 1Y 5 4 p0al 028 aladinly Wil Creana 38 4S04 5 5l ciliiall (e a8 2xe
s Claanall (e dae o iy 38 34 paall o3a o () dgm 135 el s per s 88 AN (el 18
oard Ll Sy la¥) Gae 8 S0 0 1 Legy 8 Akl sl aladiind ol ey lle @ SO

Leasanai ol 35 S cliind 2l JaS s el il

(o)



2.2 Lane's Weighted Creep Theory (1932)

This theory gives different weightage to the vertical and horizontal creeps. Lane found
that the vertical creep is 3 times more effective than the horizontal creep in reducing the
uplift pressure. A weightage of unity was given to the vertical creep and 1/3 to the
horizontal creep. Thus the weighted creep length (Ly) is given by:

where, N is the sum of all the horizontal contacts and the flat sloping contacts making an
angle less than 45° with the horizontal, V is the sum of all vertical contacts and the steep
sloping contacts making an angle greater than 45° with the horizontal.

According to Lane's weighted creep theory, an irrigation structure will be safe if (H./Lw)
is less than the safe hydraulic gradient (1/C;) for that soil, where H is the seepage head,

and C; is Lane’s creep coefficient as it was given in Table 2.

H 1
Thus, = < —
Ly Cy

or; Ly=CH_

The thickness of the floor at any point can be determined by computing the residual uplift
pressure head (h) and using equation (8). Thus

—
t_3)((Gf—1)

While computing the residual head (h), proper weightage should be given to creep length.

For example, the residual head (h) at point p at a distance | from the upstream end (see
Fig. 1) is given by:

h= H, - f—; Gl+2d)  (withwscutoff) ..o (10)

el g2 sl mazaill 581 Uy Slae ) by 34l Ll Caany (oW 48 Hhall (e 4 gt 3SI A5 5kl 2 e
Oe Alels ST 45 S (50 ser) il Al Jsa oMef 83 lacle Bligh dalee Ciladae (il g Lgihaasne
b LS5 (9) by Alalaall Canm 5 |y A ol 1y ) OSSN @l Jla 8N () )

Example 4: Calculate the creep length for the weir below.

BARRIER

-~
L_;_’

Figure (5): Flow under a weir



The total Lane’s creep length (Ly) is given by:
Lw=(dy +dy)+ (1/3) Ly + (dy + dp) + (1/3) L, + (d3 + d3)

= (13) (Ly + La) + 2(d; + da + d3) = (1/3) b + 2(d1 + d2 + d3)
2 a8y Jsaadl 3 LS54 il g g5 v g olial 8 (38 5all Jsaall & )5 WS C a0 Lane om 8

Table 2: Lane's creep coefficient for different types of soils.

. Lane's creep Safe hydraulic
No. Lyee ot ot coefficient, C; gradient (1/C;)
1. | Very fine sand or silt 8.5 1/8.5
2. | Fine sand 7.0 1/7.0
3. | Coarse sand 5.0 1/5.0
4. | Gravel and sand mixture 3.5-3.0 1/3.5-1/3.0
5. | Boulder, gravel and sand mixture 3.0-2.5 1/3.0-1/2.5
6. | Soft clay 3.0 1/3.0
7. | Hard clay 1.6 1/1.6

Example 5: A barrage structure on a river as shown in Figure below:

(a) It is required to check if the floor thickness at points X, Y and Z is sufficient to
counteract the uplift pressure (Gr= 2.4).

(b) Check safety against piping if the soil type is coarse sand (C; =5).

256
255

2529

] 2514

2468

"

Solution:

Ly =z N+V

N=15+59+2+2+ {(255-249.9)> + 12.3 %)%} +10 +16 +1.5
N=15+59+2+2+(5.1%+123)> +10+16 + 1.5=522m
V=1+2x(255.0-249.8) + 0.5 + (0.5°+0.5%)"° + 2 (249.9 — 246.7) +1.5 + 2 x (251.4 —
246.8) + 1.5

V= 1+42x5.2+ 0.5 + (0.54+0.5%)"° +2x3.2+1.5++2x4.6+1.5 =312 m

aLy, = %x 52.2431.2=48.6m
Hy =260-2529=7.1m



Thus, the structure is safe against piping.

Lx = (256 -255) +1.5/3 + 2 x (255-249.8) + 5.9/3 + (255 — 254.5) + 2/3 + (0.5*+0.5%)*° +
2/3=16.4m,

Ly =20.83 m,

Lz=374m

The head at points X, Y and Z is calculated from Figure below as follows:

Hx = (7.1/48.6) x (48.6 — 16.4) = 4.7 m of water

Hy = (7.1/48.6) x (48.6 — 20.83) = 4.05 m of water

Hz = (7.1/48.6) x (48.6 — 37.4) = 1.63 m of water

or, using the following equations:

h=H, —£ (1)
Lw
So, he = Hy £ (L)
Ly
he=7.1--% (164)=4.7m
48.6

. 7.1 _
hy=7.1-2= (20.83) =4.05m

. 7.1 _
hy=7.1-2= (274)=1.63m

tx =4.7 /(2.4-1) = 3.36 m of concrete > 2 not OK
ty =4.05 /(2.4-1) = 2.89 m of concrete < 3 OK
tz=1.63 /(2.4-1) = 1.16 m of concrete < 1.5 OK

H=7.1m. \
Hx
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2.3 Khogla'stheory

o2 alaind of Jaa o) 88 33 A )i o ol cliie araad 8 Bligh 3k gl sl alasiu) o a2 o
A g Huedl claid) e aae 3 ) caal 4 yladl

After studying a lot of dam failures constructed based on Bligh’s theory, Khosla came out

with the following results;

1. From observation of Siphons designed on Bligh's theory, by actual measurement of
uplift pressure at their bases with the help of pipes inserted in the floor of these
siphons.

2. According to Khosla's theory, it was found that the actual uplift pressures were quite
different from those computed by Bligh's theory. This led to the following provisional
conclusions:-

a) The outer faces of the end sheet piles are much more effective than the inner ones and
the horizontal length of the floor.

b) The intermediated piles of smaller length than the outer piles are ineffective except for
local redistribution of pressure.

¢) Undermining of floor started from tail end when the hydraulic gradient at the exit is
greater than the critical gradient for a particular soil.

d) It is absolutely essential to have a reasonably deep vertical cut off at the downstream
end to prevent piping.

iy Al (Sl Ja il 5 %y 55a o la elals il a3 5 dlee Gisds Khosla saa sl 28

ol ke 5 aMas (i e Aaliadl S jael) i)
€) Khosla and his associates took into account the flow pattern below the impermeable

base of a hydraulic structure to calculate the uplift pressure and exit gradient (see Fig. 6).
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Figure (6): Flow net below the hydraulic structures.



The potential flow follows the Laplace equation to seepage Darcy flow:

22p | 0%
9,°  9y?

where, @ is the flow potential, or the velocity potential, given by:

In which K is the coefficient of permeability and h is the seepage head at any point in the
soil.

Once the flow net has been drawn, it can be used for the determination of seepage
discharge, the uplift pressure, the residual head, the hydraulic gradient and the exit
gradient. The hydraulic gradient varies from point to point. The hydraulic gradient has a
maximum value at the exit. The hydraulic gradient at the exit is known as the exit
gradient. Piping will not occur if the exit gradient is equal or less than the critical gradient
of the soil.

The exit gradient, Gg can be calculated from the following equation:

Ge= IR T T T TP PR P PP P PP PP T PP PP RRPRREPPRPRS (13)
where,
= J‘% .................................................................................. (14)
m= |1+ (9)2 ........................................................................ (15)
d
b = horizontal length of the floor
d = depth of the downstream cut-off
H = U/S water level — D/S water level
A safety factor F should be considered as:
= é ....................................................................................... (16)

In Iraq a safety factor, F is taken between 8 -10 for alluvial soils.

Water enters the subsoil at the upstream end and has a head H. As it moves from the
upstream to the downstream, there is a loss of head. When it emerges at the downstream
end, the head becomes zero, because there is no tail water. At the upstream end, the water
has a head of H which is completely lost through the passage of flow. At the intermediate
of its path, the water has a certain residual head h still to be dissipated in the remaining
seepage length up to the downstream end.

f) Starting with a simple case of a horizontal flow with negligibly small thickness, various
cases were analysed mathematically.



0) Seeping water below a hydraulic structure does not follow the bottom profile of the
impervious floor as stated by Bligh's theory but each particle traces its path along a
series of streamlines.

For any given profile of the apron (a small area adjacent to another larger area or

structure) of a weir, barrage, and any hydraulic structure on pervious foundation. An

upstream apron is used to lengthen the path of the water that is seeping through beneath
the structure and to reduce the uplift on the bottom of the structure.

A hydraulic structure consists of a number of elementary forms. Fig.7 shows the cross
section of a typical hydraulic structure, consisting of a horizontal floor, three piles,
upstream and downstream glacis. For the determination of uplift pressure at the key points
(the key points are the junctions of the floor and the pile lines on either side and the
bottom point of the pile line) of such a structure, Khosla et al. gave the theory of
independent variables. This theory a composite profile is split into a number of simple
elementary standard forms.

The uplift pressure obtained from the superposition of the individual forms are to be
corrected because the individual pressures have been obtained based on the following
assumptions:

1. The floor is of negligible thickness.
2. There is only one pile line.
3. The floor is horizontal.

Because in an actual profile, the above assumptions are not satisfied, the following
corrections are needed:

a) Correction for the mutual interference of piles.
b) Correction for the thickness of floor.
¢) Correction for the slope of the floor.

Thus the corrected pressures at the key points of all the piles are determined. The uplift
pressure at any point on the floor between the two piles is obtained by linear interpolation
of the pressures at the key points of these two points.

SHUTTER

Pond Level
/s GLACIS - T D/S GLACIS

LS BED

0/f5 BED

Figure (7): A typical cross section of a hydraulic structure.

In order to know as how the seepage flow below the foundation of a hydraulic structure is
taking place, Khosla has evolved a simple, quick and an accurate approach, called method
of independent variables. In this method, a complex profile like that a weir is broken into



a number of simple profiles, each of which can be solved mathematically and presented in
the books of hydraulic structures in the form of curves. These curves help in determining
the percentage of pressures at the various key points in the Figure above. The simple
profiles are shown in Figure (8).
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Figure (8): Pilelocations.

The different locations of piles (see Fig. 8), are:

a) A straight horizontal floor of negligible thickness with a sheet pile at the u/s end.

b) A straight horizontal floor of negligible thickness with a sheet pile at some
intermediate point.

¢) A straight horizontal floor of negligible thickness with a sheet pile at the d/s pile.

The percentage pressures at the key points in (Fig. 7) can be determined by divided the
complex structure form into the simple forms (a, b, and c¢) and carrying out the following
corrections.

2.3.1 Correction for The Mutual Interference Piles:

The correction C in a percentage at the corner can be written as:

— D (d+D
C= +19\/b:1(%) % OFHL +ovveeereee oo (17)

where, H_ = seepage head, b; = distance between two pile lines, d = depth of pile on
which the effect of pile is required to be determined, D = depth of pile whose influence
has to be determined on the neighboring pile of depth (d) , b = total floor length (see
Fig.7).

This correction is positive for the effective of D/S pile on U/S pile (+ve) and negative for
the effective of U/S pile on D/S pile (—ve). Also, this equation does not apply to the effect
of an outer pile on an intermediate pile if the latter is equal to or smaller than the former
and is at a distance less than twice the length of the outer line.

The correction C is a % of head due to this effect H, this percentage value was “Added”
or “subtracted” from the uplift pressure of key-point according to its location relative to
“intermediate” pile, in which it should be;

*Added (+C) to the value of calculated uplift pressure of U/S pile.

*Subtracted (— C) to the value of calculated uplift pressure of D/S pile.

Note: The correction “C” was neglected (has no effect) if d >D & d > % b, (_both
conditions must sustained).




Suppose in Figure (9), we are considering the influence of pile No. (2) on pile No. (1) for
correcting the pressure at C,;. Since the point C; is in the rear, and hence, this correction
shall be positive (+ve). While the correction to be applied to E, due to pile No. (1) shall
be negative since the point E; is in the forward direction of flow. Similarly, the correction
at C, due to pile No. (3) is positive and the correction at E; due to pile No. (2) is negative.

C2 E3iC3

\D32 D3

Figure (9): An example of calculation a correction for the slope of the floor.

2.3.2 Correction Dueto Floor Thicknesses
For different locations of piles (see Fig. 8), the corrections to be applied are as follows:

a- A straight horizontal floor of negligible thickness with a sheet pile at the u/s end.
Corrected pressure at point C1:

BC = BC+ () ty oo (18)

b- A straight horizontal floor of negligible thickness with a sheet pile at some
intermediate point.

Corrected pressure at point E1

OFE, = OF — (‘”E;f”) By e (19)

C- A straight horizontal floor of negligible thickness with a sheet pile at the d/s pile.
Corrected pressure at point E1

QE, = OF — (‘”E;f’)) B e (20)

Where: @ci , @p1, D1 are uplift pressures at points Cy, D;, E3, and d, dp, and d3 are

depth of piles, t1, t, t3 are floor thickness respectively.
We can use the following equations to find the uplift pressure (@) at E, C & D:

a) U/S & D/Spiles (seeFig. 10)

_H 4 ()L—z) _H 4 (,1—1)
Py = —cos Py = —cos (-

These equations are usually written in terms of the percentage pressure, @ and @, such
that:
% @r = (Pg/H) X100 % @p = (Pp/H) X100



W.L.

Figure (10): Pile at U/S end (lett), pile at D/S end (right)

Thus, for floor with d/s pile (Fig. 11 ,Right)

100 _ A-2
%05 = "2 cos™ ()

100 _ A-1
%0 = “cos™ (177)

And hence, for floor with sheet pile at the u/s end (Fig. 11, Left)
% @c, = % cos‘l(zli) = 100—0E,

% Bp, == cos~(52) = 100-8p

1+V1+a?
Where, A= .
b
a=-
d

The values of @, and @ can also be obtained from the chart (Fig. 11), below:
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Y | TrT =] fo_'fssed Floor ') 3 Dl —+— D
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Prepared by: Dr. Rasul M. Khalaf
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Figure (11): Khosla's chart for Depressed Floor and pile at End.

b. Floor with an intermediate pile (sec Fig. 12)
s
®C = % COS_l(ﬂ)
= l -1 /‘{_1
Do L coS (/1)

_ Jirar? +w/—1+a Jira- (a2
In which ; 1 = o 4= — 2

|&7] [iE

Figure (12): Intermediate pile
The values of @g, @c, and @p can also be obtained from the charts (Figs. 11 & 13):
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Khosla's Pressure Curves

Sheet pile not at end:
» g o
a, = E ya = E

i

To find @, for any value of a and base ratio (b1/b),

e Vitae’ t+ylta’ read O for base ratio (1-b1/b) for that value of &,
2

]
Q

&

vaiues of = ?pc-x-'l-OO

and subtract from 100.
1+ a? - n+ a,’ Thus; @y for [ by/b)=04 and a=4 : = 100-@, for
C A= 5 (bs/b)=06 and a=4: = 100-B, = 100-29.1=70.9 %.
2y . LB et To get Oy, for values (b1/b) less than 0.5, read @, for
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-1
s SR i I (Al+1) Thus; @, for [ biy/b)=0.4 and a=4: = 100-,
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Figure (13): Khosla’ s Chart for Intermediate pile



where, @ is the ratio of the residual seepage head (h) to the total seepage head (Hy), thus

2.3.3 Correction For The slope of the Floor

A correction is applied for a sloping floor, and is taken as positive (+ve) for the down and
negative (-ve) for the up slope following the direction of flow. The slope correction is
applicable to the key point of pile line fixed at the beginning or the end of the slope. The
correction factor given below in Table (3) is to be multiplied by the horizontal length of
the slope and divided by the distance between the two pile lines between which the
sloping floor is located.

Values of correction for standard slopes such as 1:1, 2:1, 3:1, etc. are tabulated in table

3).

Table 3: Correction factor for slope of the floor

Slope

Horizontal (H) : Vertical(V) 1:1 2:1 | 3:1 4:1 5:1 6:1 7:1 8:1

Correction factor, (C %) 11.2 6.5 |45 33 28 | 25 | 23 2.0

The above table can be represented by a figure as shown below:

30 -

25 1

% Correction of slope

0 1 2 3 4 5 ] 7 8 8 10
Horizontal distance of the slope | §

Figure (14): Curvefor Correction Dueto Slope of Floor.

Referring to Figure (9) , this correction is applicable only to point E,. Since the slope is
down at point E; in the direction of flow, hence, the correction shall be (+ve) and will be

: : - b .
equal to the correction factor for this slope multiplied by b—z, where b, and b; are shown in
1

Fig. 11. The slope correction is given in the following equation:

where, b; = distance between two piles which the sloping floor is located and b, =
horizontal length of slope (see Fig.14), Cs = slope correction, and C = coefficient due to
slope from table (3)and Figure (14).




2.4 Exit Gradient (GE)

For a floor of length b with a vertical cutoff of depth d, the exit gradient at its downstream
end is given by:

GE = ET[_\/I ..................................................................... (23)
Where,
h = e (24)
and,

b
a = T e (25)

where, Gg = exit gradient, H = maximum static head, d = depth of d/s cutoff, and b =
length of floor (horizontal). Safe exit gradients of different soil types is given in Table-4.

Table 4. Safe exit gradient for three types of soil

Type of soil Shingle | Coarse sand Fine sand

Safe exit gradient G %tog %to% %to%

It is obvious from the equation (23), that if d = 0; Gz = infinite. Hence it becomes
essential that a vertical cutoff at the downstream end must be provided.

Example (6): A hydraulic structure with length of horizontal floor in alluvial soil 15 m
and 3 m deep vertical sheet pile is attached at its downstream end and the head of water is
4.0 m (see Figure below). Find the thickness of the floor (using Khosla’s theory). Is the
structure safe against the exit gradient? (F = 8, Gy =2.45).

W.L.

15m 3Im

Solution:

From equation (7), floor thickness can be calculated as follows:
ty = HE_ Where (He isdefined by hin equation 7 and tg by t) and,;

Gf—l ’



=z eos ()
@E—ncos 7

2
?\,=1+V1+a,0(=2=1—5=5
2 d 3
A =3.05
_ 1 1 (3.05—1) _
O = —cos™ (S, 0.265

He =0.265 X 4 = 1.06 m of water

1.06

tg = = 0.73 m of concrete
2.45-1

H 1 4 1

Gp = E'm/zzg'm/&os

=0.243

A safety factor F is defined by equation (16) as follows:
F==—
GE

= FZS = 4.11 < 8 the structure is unsafe

Example (7): Determine the percentage of pressures at various key points in Figure
below. Also determine the exit gradient.

Pond level 158

15{}-?1'11
Fm
Intermediate N
= Pile No.?2 =10 —st10 €3
O/S Pile No 3 06m
40m I'I
RL14B D314 7m
57m |

Solution:

Use either fig(11) and figure (13) or use the formulas:

(1) Upstream pile line No. (1)
Total length of the floor=b=57.0 m
Depth of upstream pile line =d = 154.0 — 148.0 = 6.0 m

a=2=%_9g5
d 6.0

1_ 1 _0105

a 9.5

From curve of plate (Fig. 11) P = 29, @p =20



And for U/s pile :

% @p,= 100—@p =100-20=80%
% @c1=100-@=100-29=71%

Or from formulas of u/s pile:

) —
) p) b

where, A= 1+\/;+a _ 1+\/12+9.5 — 5276 _+E1|-'IE HL

o 100 3 (A-1\ _ 100 4 (5276-1\ _ o -d.

Vo 0o~ cos ™ (35) = cos™ (35) = 20% |

% @Dl =100 — @p=100-20 = 80% D

e s () = 2 cor (252) an

% @cq =100—@e=100—28.6 = 71.4%

Thevalue of @4 must be corrected for three corrections as below:

a) Correctionat C; for mutual interference of piles, @, is effected by intermediate pile
No. 2.

) D (d+D
Correction, C=19 \/% (T)
where,
D = Depth of pile No. 2 =153.0 - 148.0=5.0 m
d = Depth of pile No. 1 =153.0 - 148.0 =5.0 m
b; = Distance between two piles = 15.8 m
b = Total floor length = 57.0 m
Therefore,

C=19 |22 (2259) = 188y

158 \ 57.0
Since the point C; is in the rear in the direction of flow, so the correction is +ve.
Correction at C; due to pile interference on C; = 1.88% (+ve).

b) Correction at C; Due to thickness of floor

) 154-00 .
T/ !
1Cy 10m
¥ Linear pressure
C1 1 1 53 ﬂ D dism"bft{on
]
l FLOW
@D, —0C{ _ oc, —6c{
Depth from DitoC]  Thickness of floor (t)
‘ Co ' @D, —0C{
) =0c, —0C{ =———= Xt
L}D'Ii 148-00 Correction = oc, Y~ Depth from Dyto c!



Pressure calculated from the aforementioned Figure is at C;', but we need the
pressure at C,. Pressure at C; shall be more than at C,' as the direction of flow, so the
correction is +ve.

oD, — C .
L—L_— x Thickness of floor (t)
Depth from Djto C;

SORZTIH . (154.0 — 153.0)
154.0—148.0

=§x 1= 1.5 (+ve)

Correction due to thickness =

Correction due to thickness =

c) Correction dueto slope at C; isnil asthispoint is neither situated at the start nor at
the end of the slope.

so, corrected @C; = 71% + 1.88% + 1.5% = 74.38%
Hence, corrected @C,= 74.38%
and @D; = 80%

(2) Intermediate pileline No. (2)

d=154.0-148.0=6.0m
b=57.0m

b _ 570
a=-=—=95
d 60

Using curve in (Fig.13), we have b; in this case

by =0.6+15.8=16.4m (see Fig. 12 for b; definition)

b=57.0
B 14— 0.298;
b 57.0

D¢, = 57 % (for a base ratio 0.298 and a = 9.5)

and thus;
— l;—l =1-—0.298 = 0.702

(D¢ = 30% for a base ratio 0of 0.702 and « = 9.5), hence:
Pg, =100 —30% = 70%
Since % < 0.5 then find @pfor (1 — %);

(@p =37% for a base ratio 0of 0.702 and « = 9.5)
@p, =100-37=63%

All above can be calculated by formulas as follow:



b, 164 b, 406

a, = 2=222-328q,=2=2%-g12
d 5 d 5

1= Jita 2 +1+a,? _ V1+3.282 +\/1+8.122: 5.805

2 2

2_ 2 2_ 2
A, = Jita2-J1+a, _ V1+3.282-V1+8.12 — 2376

2 2

A1-1

)

Ait+1
1

100 —1,—2.376—-1
=—cos™(
T 5.805

(z)E=1T cos™L( ) =69.8%

100

_ ~2.376+1
@c=— cos L

5.805

)=%cos‘1( )= 57.6%

1 cos—1(t)= 100 L o-122376 0
Db —cos (,1) — Cos (5.805 ) =63.4%

@g, should be corrected

(a)Correction at E; for sheet pile lines. Pile No. (1) will affect the pressure at E; and
since E, is in the forward direction of flow and hence, this correction shall be —ve.
The amount of this correction is given by equation:

C=7F19 D<d+D)
B b\ b

Where D = depth of pile No. 1, the effect of which is considered = 153.0 — 148.0 = 5.0
m.

d = depth of pile No. 2, the effect on which is considered = 153.0 — 148.0 = 5.0 m.

b = total floor length = 57.0 m.

b; = distance between two piles = 15.8 m.

. , 50 (5+5
Correction = 19 Tos (5%) =1.88% (-ve)

(b) Correction of E, due to floor thickness

Brs — Op .
= E2 2 x Thickness of floor
Depth from E,to D,

_ 70%=63%

154.0-148.0
=Zx1=117%
In Figure below since the pressure observed is at E,' and not at E, and by looking
at the direction of flow, it can be stated easily that the pressure at E; shall be less
than that at E,', hence, this correction is negative.

4

E:
Ex

| =
l ] l T

r it
U s

= —————=2 —xt
Depth from E;to D,




So, correction at E; due to floor thickness = 1.17% (-ve).

(c) Correction at E, due to slope is nil asthe point E; is neither situated at the start of
a slope nor at the end of a slope.
(d) Hence, corrected percentage pressure at E; :
= Corrected @g, = 70% -1.88% -1.17%
= 66.95%

@2 should be corrected

(a) Correction at C, dueto pile interference. Pressure at C, is affected by pile No. 3
and since the point C; is in the back water in the direction of flow and hence, this
correction is +ve. The amount of this correction is given by equation (17):

Correction, C =19 \/E (d;D)
b1\ b

Where D = depth of pile No. 3, the effect of which is considered = 153.0 — 141.7 =
11.3 m.

d = depth of pile No. 2, the effect on which is considered = 153.0 — 148.0 = 5.0 m.
b = total floor length = 57.0 m.

b; = distance between pile 2 and pile 3 =40.0 m.

Correction = 19 /ﬁ (F22) = 2.89% (+ve).
40.0 57

(b)Correction at C, dueto floor thickness.

From Fig. above, it can be easily stated that the pressure at C, shall be more than that
at C,', this correction shall be +ve and its amount is the same as was calculated for the
point E; = 1.17%.

(c)Correction at C, due to slope.
The correction for the sloping floor is given by:

% Cs=+ (%) C % of Hy .as defined previously by Eq. (22).

1
Where,
H; = Seepage head
bs = the horizontal length of the sloping floor
b; = the distance between the two piles
C= the correction factor of slope taken from table 3.or fig (14).
Correction factor for 3:1 slope =4.5
Horizontal length of the slope, bs = 3.0 m.
Distance between two pile lines among which the sloping floor is located = 40 m.

Actual correction, % Cs =4.5 x % =0.34% (-ve)
Hence, corrected @, = 56% + 2.89% + 1.17% — 0.34% = 59.72%



(3) Downstream pilelineNo. (3)

WL
d=152.0-141.70= 103m i s
b=57.0m ¢ —1— Db ——ly
a=2=32=-5534 b I;=
d 103 a= - o
2 2

}\’: 1+V;+0_’ — 1+V1+25.534- — 2812 o
% @p= % cos‘l(%) = 1% cos‘l(z';zzl;l) =27.7%
% @e = 1701—0 cos‘l(ll;z) = % cos‘l(—z'i;zlgz) = 40.6%

Or from curves of plate (Fig.11), read @pand @ in which @, = @p; and @y =@; we
get:

1212 _918
a b 57.0

®D3 = 27%

®E3 =39%

@, should be corrected

(a)Correction due to mutual of piles. The point Ej; is affected by pile No. (2) and
since E; is in the forward direction of flow from pile No. (3), the correction is
negative and its amount is given by equation (17):

Correction, C=19 \/E (CH—D)
b1\ b

Where,

D = Depth of pile No. 2, the effect of which is considered = 150.7 — 148.0 = 2.7 m.
d = Depth of pile No. 3, the effect on which is considered = 150.7 — 141.7 = 9.0 m.
b; = Distance between piles = 40.0 m.

b = Total floor length = 57.0 m.

2.7

The correction = 19 —(
40.0

9.0+2.7
57.0

(b)Correction due to floor thickness
From Figure below, it can be stated easily that the pressure at E; shall be less than at
E;'; thus correction shall be negative (-ve) and its amount

)= 1.01 % (-ve)

= 020 1.3 =1.52% (-ve) EE" |
(c) Correction due to slope at Ez is nil asthe point Es is T
neither situated at the start nor at the end of any slope. l T
Hence, corrected @g3=39% —1.01% — 1.52% =36.47%
The corrected pressures at various key points are tabulated U
in Table below:
Upstream pile No.1 I ntermediate pile No.2 Downstream pile No.3

QE]_: 100 % QEZZ 66.95 % @E3: 36.47 %

®D1= 80.0% QDQZ 63.0 % @Dgz 27.0%

Bc1=74.38 % Dco= 59.72 % Dc3=0.0 %




Plotting Hydraulic grade lines
The percentage of pressures in above table can be used to work out the elevations of
H.G. line above the datum, as given in table 5.However the subsoil H.G. line is then
plotted in figure 15.

Table-5 calculation of H.G. Grade lines.

EloT Upstream | Down- | Head Height / Elevation of Sub-soil H.G. Line above Datum

Condition |water level| stream | in | ypstream Pile Line | Intermediate Pile Line| Upstream Pile Line
In meters | water | meters

level in @Ge1| Do1 | Ber| De2 | Po2 | Be2 | Des | Dps | Des

meters
100% | 80.0% | 74.38%| 66.95%| 63.0% | 59.72% | 36.47%| 27. 0% | 0.0%
Pond level
M 1evell 600 | 15200| 600 | 600 480| 446 | 402| 378|358 219 | 162 | 000
m)wd/s 158.0 | 156.8 | 156.46| 156.02|155.78 | 155.58 | 154.19(153.92 | 152
158.0
156.46 -~ — — - - —156.02
155.58 =
"‘“‘--..____ SUB SOIL
155.0 S H.G. LINE

D1

1
l
|
| i
| 148.0 148.0 I I

|

|

h— 15m ——*—fﬂm—ﬁ'ﬂ— w%f - D3

- 40m

|
|
I
. 57m

Figure (15): Subsoil H.G. lines distribution

Calculation of Exit Gradient

Let the water be headed up to pond level, i.e. an RL 158.0 m on the upstream side
with no flow downstream.

The maximum seepage head = H = 158.0 — 152.0 = 6.0 m.
The depth of the d/s cut-off =d = 152.0 — 141.70 = 10.3 m.

Total floor length =b =57.0 m.
b _ 570

a=-=—=>553
d 103
For a value of @« = 5.53, nL\/I from curves of plate (Fig.11) is equal to 0.18.
BH1 _60 -1
Hence, G = ad 103" 0.18 553

Hence, the exit gradient shall be equal to % which is very much safe.



Example 8: Given the following Figure. According to Khosla's theory, is the structure

safe against piping? Use Gg= %

Solution:

One can solve the problem either by the formula or using Fig.(16)shown below:
H 1

Gp = ———
d; T2

H; =28.79-2423=426m

d, = D/S cutoff =24.23 — 16.1

0.50 25

=8.13m o | T& I ,/
b=25.0m 040 }— E_FE—E’—'H_-__ /’/ 20
G p
a= b/d, = 250 _ 3975 035 1~ |-_€ Exit Gradient 7 o
8.13 & 030 \ . A 15 S
i \ Rydarsy 1 &
1+V1+a 0.25 ¢ -
A= E \ v Go1tVire o
2 — 020 \ /-* T2 o
_ 1+V1+43.0752 0.15 \\ - 4 G, = 1_ H |
1= f 0.10 ,74__‘3_;1/”\.@ mfi d .
: 7 —
A=2116m 005 1
0.00 0
G = ﬂ 1 0 5 10 15 20 25 30 35 40 45 50
Emd, v a=b/d
Gg = 456 1 Figure (16) Exit gradient asa function of « and H/d
8.13 mv2.116
=0.12=—< -
8.14 6

The structure is safe against piping. (OK)

Or use Fig.(16) to find A from a and getting (nL\/X) , and the just multiply this paraeter,by
(% ) to get Exit Gradient GE.
2



2.5 Depth of Cutoff

The sheet piles at the ends must go below the deepest anticipated scour level.

a) D/S cutoff

The depth d of the cutoff can be obtained from the following equation;

D/IScutoff = (L2510 L5) R ..o, (26)

The normal depth of scour (R) is given by Lacey's equation as:

R =135 (qf—zﬁ ............................................................................ (27)

R = scour depth, m

F=SIt faCtOr = 1.76 \/ Dipin e eoveeeee et e e (28)
Dm = Diameter of particle of soil in mm.

q= % (discharge per unit widthm®/s/m)

b) U/S cutoff

U/Scutoff = (Lo L25) R ..o (29)



