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Abstract 

The work reported in this research presents numerical investigations on the effect of Sheet Piles-downstream blanket of any  length and location under a concrete dam of negligible thickness and limited length, on the uplift heads under dam, seepage discharges, and exit gradients through the complex foundation with a finite depth of soil layer. The problem is solved numerically with aid of the  finite element method.       


The results are presented in a form of design charts, with dimensionless parameters; maximum uplift head (
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), and relative seepage quantities(
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). These design charts can be used to estimate maximum uplift head around upstream and downstream Sheet Piles respectively, seepage discharge, and exit gradient under concrete dam. The applicability and validity of the charts were examined and compared with relevant existing approximations from literature and showed good performance. 

الخلاصة 

يقدم العمل الموثق في هذا البحث دراسة عددية حول تأثير الجدران اللوحية ووسائد مؤخر الجريان تحت السد الكونكريتي (بغض النظر عن سمك السد)  خلال التربة غير المتماثلة والمتجانسة على قيم ضغوطِ الاصعاد تحت السدِّ وعلى كميات المياه المتسربة خلال طبقة الأساس. تم تطوير نموذج عددي يحكم ظاهرة التسرب خلال الطبقة المحصورة، واستخدمت طريقة العناصر المحددة لحل المعادلة الحاكمة وذلك بالتعامل مع عنصر خطي مثلث الشكل، إذ تم  تمثيل النتائج المستحصلة بشكل منحنيات تصميمية. يمكن استخدام هذه المنحنيات لحساب قيم شحنة الاصعاد العظمى حول الجدران اللوحية في مقدم ومؤخر السد وكمية المياه المتسربة أسفل السد وتدرج المخرج في مؤخر المنشأ الهيدروليكي، تم فحص واختبار صلاحية المنحنيات التصميمية مع بعض الحلول المتوفرة ذات العلاقة وأعطت نتائج جيدة.   
1- Introduction 
Study of seepage of water through soil is important for the following engineering problems(Manna et al.,2003).
(a) Determination of rate of settlement of a saturated compressible soil layers.

(b) Calculation of seepage through the body of dams and stability of the slopes.

(c) Calculation of uplift pressures under hydraulic structures and their safety against piping.

(d) Groundwater flow toward wells and drainage of soils.


The concrete dam is subjected mostly to uplift and piping effects. One method to maintain the safety of the concrete structure against these effects is to extend the length of creep. This safety is established by constructing sheet piles or extending the floor length (using downstream blanket) or Sheet Piles-blanket system. The last system was considered the most practical one(Shehata,2006). The amount of seepage through anisotropic foundation soil under the dam floor equipped with these systems always has been more important in design considerations of the Geotechnical engineers. Moreover, when hydraulic gradients in the soil foundation are significant, knowledge of their magnitude is essential to guard against heave or piping phenomena. In this study, an numerical solution for the seepage problem under concrete dam with two end Sheet Piles furnished with downstream blanket and founded on complex formations was carried out. The numerical solution  was presented to investigate the effect of drawdown state, and proper length of a downstream blanket. The effects of the downstream blanket on seepage under the dam were obtained. Also, the effect of the anisotropic soil foundation on seepage flow under the dam was indicated. Finally a set of design charts have been presented and their use was simple and practical.
2- Statement of the problem 

Seepage forces change stress state, deformation and change permeability of soil elements which would affect the amount of the seepage rate and stability of structure. In routine analyses, steady-state conditions commonly are considered ignoring the time required to reach the steady-state condition, but actually, moving water trough soil voids is a time consuming procedure, increase of the water table height in a dam reservoir is gradual and time dependent, so transient analysis is essential to yield reliable results. In addition, in uncouple systems there is only one degree of freedom in the governing equation which is the hydraulic potential, so in order to determine deformations of the structure due to seepage forces it is essential to consider element equilibrium equations besides the fluid continuity equation, in this case a set of partial differential equations including the continuity and equilibrium equations must be solved at the same time(Ahad et al.,2007) . For the present study, the geometry of the problem model and material properties are illustrated in figure(1).
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Figure(1) : Geometry and material conditions of the problem

It is expected that correlations of the blanket length (Lb) with parameters implying anisotropic soil thickness (T), hydraulic conductivity of soil in horizontal direction (Kx), hydraulic conductivity of soil in vertical direction (Ky), upstream sheetpile depth (d1), downstream sheetpile depth (d2), concrete dam length (Lf), the head upstream the concrete dam (H0), the head loss downstream the concrete dam (Hds), the discharge of seepage flow (Q) and exit gradient downstream the blanket (Ie) would be concluded.

The governing equation for transient confined flow for two dimensional case can be expressed by the following linear partial differential equation(Rao,2004).
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where: h is the piezometric head(m), S is the storage coefficient, and t is the time. The solution of Eq.(1) represents time and space distribution of piezometric head in homogeneous, anisotropic medium with confined transient flow. 
3- Finite element formulation 

Two dimensional transient seepage beneath a concrete dam was solved in the present study by the finite element method. Using Galerkin's method, the flow domain were subdivided in finite number of elements of a domain ((e and the boundary (e. The polynomial approximation of the solution is of the form:
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in which 
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 are the piezometric head values at the nodes and 
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are the shape function over the finite element with n number of nodes. The derived form of equation(1) can be expressed as:
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(4)
in which qn is the discharge occurred in the direction cosine between the normal and (x) direction, s is the boundary portion over which integration takes place, and w is the weight function, which can be expressed as:
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The coefficient of hydraulic conductivity in both directions i.e., Kx and Ky are assumed to be constant within one finite element. Substitution equation(3) and equation(5) in equation(4) yields:
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The matrix form for equation(6) can be expressed as(Obaed,2002):
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in which,         
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At first stage of the present study, development of the flow net by subdivide the flow domain in to finite elements by using linear three nodes triangular element (Fig. 2). 
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Figure(2):Three-noded triangular element


The integral of above equations are performed using the natural coordinates L1, L2, and L3 which can be expressed briefly as(Smith, and Griffiths,2004):


[image: image17.wmf]]

[

4

1

j

e

i

e

y

j

e

i

e

x

e

ij

e

K

K

D

z

z

h

h

a

+

=







(11)
In which (e is the area of finite element, ( and ( are the local coordinates with corner nodes values (=(1, (=(1. The relationship between local and global coordinates can be expressed as:
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 for all nodes in the flow domain with following conditions:
1- No flow boundary.

2- Entire nodes within flow domain.

3- Specified head boundaries.
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The assembled form of equation(7) becomes:
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in which, 
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Where m is the total number of elements.
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4- Boundary and initial conditions 

Figure(3) shows a schematic diagram of a concrete dam which founded on anisotropic layer. The various boundary and initial conditions  of the dam section are as follows.
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Figure(3): Proposed case study showing the boundary and initial conditions
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on BC
For the boundary AB, if the upstream water level is constant at level H0, then 
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on AB
For the boundaries AO and LK , they are considered constant head in the present study and will have the form:
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on AO
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on LK
For the further investigation, if they are considered as impervious boundaries, they will expressed as:


[image: image45.wmf]0

)

,

,

0

(

=

t

y

h







[image: image46.wmf]Z

T

y

s

+

£

£

0




on AO
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on LK

5- Integration with implicit time evaluating schemes
The derivative 
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 in equation(14) can be approximated by aid of Taylor series as:
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(18)

in which (t is the discrete time step. In order to obtain stable solution for equation (14), an implicit numerical technique is used; which is the backward finite difference method. The solution of equation (14) after (t time step becomes(Alsenousi, and Mohamed,2008):
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Equation (19) can be solved at each time step by using the matrices solution.
6- Concrete dam operation conditions
There are two cases considered in the present study for the upstream water condition:
1- Normal operation water level (H0) at the upstream side(steady state), the initial condition corresponding such case expressed as:
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2- Transient upstream water level: as shown in Fig.(3), the initial and final water levels at the upstream face are H0 and H2 respectively, and H1 is a water level in between. In order to analyze the seepage flow at water level H1. It is required to apply the same initial condition as in case(1) above with boundary condition on AB as follows:
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when steady state is exist, the values of piezometric head obtained are considered as initial condition and the following boundary condition will be applied on AB :
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The time required to fill or empty the reservoir can be defined as TFE where the specific water level occurs during this time is H1, and TSP is the time at which H1 occurs. Assuming constant rate to fill or empty the reservoir, then for the case of filling the reservoir:
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And for the case of emptying the reservoir,
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Figure (4) shows the finite element mesh used in the present study which was modified many times in order to calibrate the model. The total number of elements and their geometry are not constant, they depends on the geometry of the study area, dam floor length, sheetpile length, a convergence study was performed in table (1) to obtain adequate finite element mesh.

Table(1): Results of convergence study

	No. of elements
	No. of nodes
	Seepage discharge Q (m3/sec.)

	
	
	Mesh of equal spacing
	Mesh of distorted spacing

	168
	394
	0.00197
	0.0033

	318
	732
	0.00201
	0.00261

	402
	915
	0.00199
	0.00255
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Figure(4): Discretization of finite element mesh composed of 3-node elements  

7- Calculation of exit gradient and factor of safety against piping

The exit gradient can be obtained as(Harr,1962):
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in which hi are the values of piezometric head at nodes vertically below exit nodes, and (yi are the vertical distance as shown in figure(5). The critical exit gradient icr is given by expression:
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in which Gs is the relative density of the soil particles, and e is the void ratio, then the factor of safety against piping is expressed as:
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The value of factor of safety between (3) to(4) is enough for the safety of the structure(Al-Musawi,2002).
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Figure(5): Sketch for calculation of exit gradient

A computer program was developed by the author using FORTRAN 90 language, the compiler used is the FORTRAN Power Station-Microsoft Developer Studio-94. 
8- Characteristics of seepage design charts

 The maximum uplift head for both U/S & D/S cutoff walls has been determined, the exit gradient as well as seepage discharge can be determined for both operation conditions as mentioned above.

1- Steady state : the parameters of these problems are expressed in dimensionless form with following ranges.

a) The relative depth of D/S to U/S cutoff walls 
[image: image60.wmf]1

2

d

d

=[0.5,1,2]

b) The soil anisotropy is modeled using different coefficients of hydraulic conductivity in horizontal and vertical directions, and expressed by anisotropy degree 
[image: image61.wmf]x

y

K

K

R

=

 ranges [0.2,0.6,1].
c)The relative length of downstream blanket 
[image: image62.wmf]f

b

L

L

 from[0 to 1].

Figure(7- a, b, and c) indicates that for a given (
[image: image63.wmf]1

2

d

d

), R, the maximum uplift head on U/S cutoff , or D/S cutoff walls decreases with increasing of D/S blanket length, which mean that more safety for Sheet Piles sections in case of using downstream of concrete dam. In addition to increase of anisotropy degree causes strongly decreasing of maximum uplift head on U/S & D/S cutoff walls. 
For most values of (
[image: image64.wmf]f

b

L

L

), maximum uplift head on U/S cutoff wall decreases slightly with increasing (
[image: image65.wmf]f

b

L

L

), while the rate of decreasing of maximum uplift head on D/S cutoff wall is significant. 
The trend of the curves in case of isotropic soil is slightly changed than the anisotropic soil (R=0.2) which means that the increasing of (
[image: image66.wmf]f

b

L

L

) is more effective in case of anisotropy.
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(a) Maximum uplift head on U/S & D/S cutoff walls with various relative length of D/S blanket for (R=0.2)
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(b) Maximum uplift head on U/S & D/S cutoff walls with various relative length of D/S blanket for (R=0.6)
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(c) Maximum uplift head on U/S & D/S cutoff walls with various relative length of D/S blanket for (R=1) 

Figure(6): Effect of various length of D/S blanket on max. uplift head with different anisotropy degree for both U/S & D/S cutoff walls
Figure (7) shows that the relative length of D/S blanket (
[image: image67.wmf]f

b

L

L

) has significant effect on the relative exit gradient(Ier1), in which decreases with roughly constant rate for isotropic soil, and for R=0.2 due to increase of (
[image: image68.wmf]f

b

L

L

), this mean more safety against piping for isotropic and anisotropic soils.
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Figure(7): Effect of various length of D/S blanket on relative exit gradient with different anisotropy degree for both U/S & D/S cutoff walls


Figure (8-a, and b)shows the effect of change in isotropy degree on the relative seepage discharge under concrete dam, it is seen that the value of relative discharge was decreasing steeply until R= 0.6 then the rate of change become slightly, the relative discharge decreases significant with increasing of blanket length (
[image: image69.wmf]f

b

L

L

), which mean the safety against piping phenomena can be improved by increasing the length of D/S blanket.   
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(a) Relative discharge with various relative length of D/S blanket for (R=0.2) 
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(b) Relative discharge with various relative length of D/S blanket for (R=0.6 , 1)

Figure(8): Effect of D/S length on seepage discharge for different anisotropy degrees
2- Transient state : the dimensionless parameters of such state for both constant and variable upstream head are expressed as:

a) time factor 
[image: image70.wmf]H
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, in which (
[image: image71.wmf]x

y

K

K
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=

) is the equivalent hydraulic conductivity. For a time period (T=100days), anisotropy degree R=0.2, and H=25m, the time factor tr=1. By the same way, the time factor corresponding to time periods T=500,100, 1500 days are tr =5,10,15 respectively.  
b) relative exit gradient 
[image: image72.wmf])
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.
c) D/S blanket length to D/S cutoff wall depth ratio(
[image: image73.wmf]2

d

L

b

) ranges [0 to 6].

d) relative length of D/S blanket(
[image: image74.wmf]f

b

L

L

) ranges[0 to 1]. 

e) reservoir–level fluctuation ratio (
[image: image75.wmf]f

L

H

) ranges[1/3 , 1/2, 2/3, 1].

The reservoir-level fluctuations investigated by consider the water table in reservoir drawdown gradually from[H to 
[image: image76.wmf]H

3

1

] during a time period of 1500 days.


The maximum uplift heads vs. relative length of D/S blanket for constant upstream head are illustrated in figure(9), the maximum uplift heads acting on the U/S cutoff wall are slightly decrease as the D/S blanket length increased, results show that for beginning of transient process large area of pore water pressure in dam foundation still has not promptly drained out, it is induces the uplift head to slightly decrease at U/S cutoff which reaches (0.947- 0.921) after 1500 days. On the other hand, the max. uplift head acting along D/S cutoff significantly decrease as length of D/S blanket increase.
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Figure(9): Effect of D/S blanket length on max. uplift head for constant upstream head conditions

It can be seen from figure(10) the influence of D/S blanket length to D/S cutoff depth ratio on relative exit gradient. The value of relative exit gradient increases as D/S blanket length increase , lengthening the D/S blanket to certain extent, namely 
[image: image77.wmf]75

.
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d

L

b

in figure(10) results maximum increase in relative exit gradient values, beyond this range the relative exit gradient will decrease rapidly . The reduction in exit gradient will occurs as time period increased.   
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Figure(10): Effect of D/S blanket length to D/S cutoff depth ratio on relative exit gradient for constant upstream head conditions

The effect of reservoir level fluctuation ratio(
[image: image79.wmf]f

L

H

)is clearly indicated in figures(11, and 12). Maximum uplift head decreases as relative length of D/S blanket increase, the variation of relative exit gradient follows a general trend in figure(10) which means that the increasing of (
[image: image80.wmf]f

L

H

)is more effective in case of reducing exit gradient.

[image: image81.emf]0


.


0


0


.


1


0


.


2


0


.


3


0


.


4


0


.


5


0


.


6


0


.


7


0


.


8


0


.


9


1


.


0


R


e


l


a


t


i


v


e


 


L


e


n


g


t


h


 


o


f


 


D


/


S


 


B


l


a


n


k


e


t


0


.


1


0


.


2


0


.


3


0


.


4


0


.


5


0


.


6


0


.


7


0


.


8


0


.


9


1


.


0


M


a


x


.


 


u


p


l


i


f


t


 


H


e


a


d


U


n


s


t


e


a


d


y


 


S


t


a


t


e


S


t


e


a


d


y


 


S


t


a


t


e


R


=


0


.


2




0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative Length of D/S Blanket

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

M

a

x

.

 

u

p

l

i

f

t

 

H

e

a

d

Unsteady State

Steady State

R=0.2


Figure(11): Effect of D/S blanket length on max. uplift head for variable upstream head conditions
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Figure(12): Effect of D/S blanket length to D/S cutoff depth ratio on relative exit gradient for variable upstream head conditions

9- Validity of present model 
The reliability of the present work was verified by comparing the results with analytic solution(Salem and Ghazaw,2001),figure(13) presents the comparisons for uplift head on D/S cutoff wall.
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Figure(13): Comparison the present work and past works results
10- Conclusions

1- The maximum uplift head acting on U/S and D/S sheetpile walls decreases with increasing of D/S blanket length which mean that more safety for cutoff wall sections in case of using blanket downstream the concrete dam.
2- It is very necessary to conclude that the design concept which deal with anisotropic soil as isotropic gives unsafe sections of Sheet Piles which may be less than 30% of safe section.

3- The exit gradient, after a distance (
[image: image83.wmf]8
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)downstream from the concrete dam toe, decreases with decreasing(
[image: image84.wmf]1

2

d

d

), and the reduction increase as the depth of U/S sheetpile(d1) increases. The resultant is an increase in the safety factor against piping phenomenon.

4- The errors associated with the present method of solving seepage problem with the consideration of the soil anisotropy, and nonlinearity of unsteady seepage are determined by the form of the boundary conditions, degree and form of nonlinearity of the process, its duration and fineness of the time interval.        
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