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Abstract 

Since seepage-related problems are the main cause of more 
than fourty percent of dam failures, seepage analysis is one 
of the most important stages in the design process of an 
embankment dam. Seepage factors must be monitored in the 
dam’s body, abutments, and foundation during dam's 
operating life for evaluating safety and conducting risk 
assessments [1]. Most of e designing analysis is performed 
two-dimensionally and therefore, little attention is paid to 
seepage through abutments. On the other hand, the extension 
of the grout curtain inside the abutments, abutment material 
properties and dam site inhomogeneities, such as fault and 
crushed zones are inevitably neglected when performing 2D 
seepage analyses by this reason, 2D seepage analysis does 
not reflect real seepage factors and parameters [2]. In this 
case study, two and three-dimensional finite element (FE) 
models of an earth-fill dam are generated. Several steady 
state seepage analyses, as long term seepage behavior 
evaluation, are performed; the results are compared with the 
seepage monitored data from the instrumentation system 
installed in the dam body and foundation. It is concluded that 
conventional two-dimensional seepage models lead to results 
that are somewhat unrealistic; instead, three-dimensional 
(3D) models are much more representative of reality and can 
be used to evaluate seepage parameters in embankment dams.  

Introduction 

One of the main problems in design of an earth dam is the 
amount of seeping water leaks through its foundation and 
body. Therefore an accurate estimate of the amount of 
seeping water is very important from the economical and 
technical viewpoints. Flow of water in the body and 
foundation of an earth dam causes seepage forces, pore water 
pressures and hydraulic gradients. If these forces are not 
limited to allowable ranges, they may render some severe 
problems such as instability of slopes, piping, etc, which may 
lead to failure of the dam. Thus, seepage analysis in the 
design of an earth dam is also important from the safety point 
of view. Consequently, beyond an accurate analysis of 
seepage, regular monitoring of seepage parameters is crucial.  

Because of some difficulties in three-dimensional seepage 
analysis, for practical purposes, a two-dimensional seepage 
analysis is usually carried out in a typical cross section of the 
dam. However, this simplification can be unreliable in a V 
shaped valley, or in a valley with high variation of material 
properties. In such cases, a two-dimensional seepage analysis 
will not yield appropriate results; thus very high safety 
factors have to be adopted, which may not lead to an 
economical design and the models are not representing the 
real situation and couldn’t be used for any further needs. 
However 3D models are good representatives of reality and 
can be used for post-designing, calibration, monitoring and 
other alternatives. 
In this paper, three-dimensional seepage analyses have been 
performed on a particular inhomogeneous earth dam as a 
case study and the results were compared with the monitored 
data obtained from the instrumentations. Two-dimensional 
seepage analyses on several cross sections have also been 
carried out for this dam, and the results have been compared 
to those of three-dimensional seepage analysis and monitored 
data. Actually according to special valley shape, geometrical 
and material inhomogeneity conditions and fault zones for 
this case, most of the assumptions related to two-dimensional 
response are obviously not accurate and representative and 
three-dimensional analysis for water seepage from dam body 
and its foundation seems much more realistic. Some 
conclusions have been drawn on the amount of the errors, 
which may occur because of the simplification of adopting a 
two-dimensional model instead of a three-dimensional and 
the opportunity of using 3D models for monitoring purposes 
were evaluated. 

Theory 

The governing differential equation used in the formulation 
of the seepage analysis in 3D space is: 
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Where kx, ky, and kz are the coefficients of permeability in 
the x, y and z directions, respectively; h is the total head; Q 
flux at the model boundaries; S degree of saturation; e void 
ratio; and t time. Four flow conditions exist based on the 
variation of e and S in the above equation: (1) steady state 
flow with constant values for e and S, (2) consolidation for 
decreasing S or expansion for increasing e assuming constant 
value for S, (3) constant volume drainage for S decrease and 
imbibitions for S increase for constant e, and (4) compression 
and expansion situations for varying both e and S [3]. For 
steady state flow condition, the right hand side of the above 
equation vanishes. 
In this research the three-dimensional finite element analysis 
is used to simulate the dam site. The finite element technique 
is a particularly valuable numerical method as it readily 
accumulates complex boundary geometry, anisotropic 
permeabilities, and simple or complex layering. Particular 
references could be made to Desai (1972), Zienkiewicz 
(1989) and Valliappan et al. (1975). This method requires the 
discretization of the soil mass into elements [4]-[5]. 
The finite element formulation for seepage in three 
dimensions has been derived using the Galerkin principle of 
weighted residuals [6]: 

� � � �� � � � � � � �  �� �� 
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where: � �B  is gradient matrix; � �C  is element hydraulic 
conductivity matrix; � �h  is vector of nodal heads; wwm �� 
 ;

ww um ��
 � ; )( yhu www �
 � ; y  is elevation; 

� �MNTN 
  is mass matrix; � � thH t ��
,  is change in 
head with time; q  is unit flux across the faces of an element; 

N  is vector of interpolating function. For steady state 
seepage analyses the coefficient of permeability is constant 
with respect to time at each point in a saturated soil 
(� � 0, 
tH ). However, in an unsaturated soil, the water 
coefficient of permeability is a function of water content and 
(ua - uw) stress state variables (ua = void pressure and uw = 
pore water pressure). With ua remaining constant, the change 
in volumetric water content is just a function of pore-water 
pressure changes and varies from one point to another within 
the soil [7]. Flow of water through both saturated and 
unsaturated soil obeys the Darcy’s law which states:  

                                   kiv 
                          

Where k is the coefficient of permeability and i is the 
hydraulic gradient; Researches have shown that in the steady 
state seepage problems a typical conductivity function will 
give the results close to those of exact conductivity functions 
[8]. The typical conductivity function for core material is 
depicted in Figure 1.  

Figure 1: Typical shape of permeability coefficient of 
material [6] 

Case study 

In this study an Earth-Fill dam called SATTARKHAN was 
considered for investigation. The site plan and a cross section 
at maximum height of the dam are shown in Figures 2 and 3; 
respectively. This 75 meter high dam is located in the 
Province of Eastern Azerbaijan and in the Southwest of Ahar 
city. The narrow V-Shaped valley of the river is developed in 
conglomerate and left and the right abutments have an 
inclination of 30 to 35 degrees to the vertical line. There is a 
fault named F-1 with 5 meter crushed zone thickness at the 
left bank and there are two more fault zones named F-2 and 
F-3which are located at river right bank with crushed zone 
thickness of 4.7 and 6.4 meters. Seepage control method is a 
70 meter depth grouting curtain at the right, bed and left 
abutments. The coefficients of permeability for various 
zones, according to Geotechnical reports are depicted in 
Tables 1 and 2 [9]. 

Figure 2: Site plane of the rock-fill dam 

Fault Zones 

(3)

Long Term Behaviour of Dams  154 A - 11



TABLE 1: COEFFICIENT OF PERMEABILITY FOR VARIOUS PARTS 
OF DAM BODY

TABLE 2: COEFFICIENT OF PERMEABILITY FOR ABUTMENTS 
AND FOUNDATION ZONES

Modeling 

The dam site in this study was modeled in three-dimensional 
space using SEEP-3D software version 1.1 from the Geo-
SlopeTM. SEEP-3D is finite element based software for 
modeling various three-dimensional seepage problems [10]. 
Various zones were modeled according to their geometry. 
Boundary conditions comprise of normal water level of 57.4 
meter height, free surfaces having potential seepage at 
downstream surfaces including downstream shell, 
downstream left and right abutments and downstream 
foundation surface and finally zero discharge rate from the 
remaining surfaces. The model site was at least extended 

from 70 to about 400 meters from dam body to all horizontal 
directions. The foundation was modeled to the depth of 100 
meters below the riverbed. The finite element model of the 
dam site includes the model discretization into octahedral 
elements. Figure 4 shows the 3D model of the dam site along 
with their corresponding finite element meshing. 
Respectively, the number of elements is selected based on the 
accuracy of results and stability of numerical analyzing.  
   For the considered model with 720,000 elements, a run for 
an unsaturated steady state seepage analysis took nearly 10 
hours and for 2D models it took less than a half an hour. 

Results and Discussions 

Figures 5a and b show the result of the FE seepage analysis 
on the modeled dam site. Figure 5a shows a view of seepage 
paths from the reservoir into the upstream abutments passing 
over the grout curtain and exiting to the downstream shell 
and riverbed. This figure also shows the concentration of 
seepage paths at the downstream toe accounts for the higher 
hydraulic gradient in comparison with that obtained from 
two-dimensional analysis, discussed later in this section. It is 
observed from the results that the side grouting curtains have 
lowered the water surface from upstream to downstream and 
we can see the effect of the fault zones. Figure 5b shows the 
water free surface and flow lines resulted from seepage 
analysis of one of the 2D models. 
   Figure 6 compares the measured and 3D calculated 
piezometric pressures at the locations of Vibrating Wire 
Piezometers (VW) installed in the dam body and foundation. 
In the majority of piezometers, the water pressure obtained 
from the 3D model analysis agrees well with those obtained 
from the monitoring measurements but, the water pressure 
heads for piezometers108, 202, 217, 218, 302, 317, 318, and 
408, obtained from the FE analysis are much higher than the 
measured ones. This is probably due to malfunctioning of 
measuring devices when these piezometers are installed and 
this malfunctioning was confirmed by the numerical 
investigations. Compaction between the calculated 2D and 3D  

Figure 3: Cross section of the dam at maximum height 
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piezometric pressures at the locations of VW Piezometers 
installed in the dam body and foundation shows that the water 
pressures obtained from the 2D model analysis which were 
done on 5 different sections on the dam body are less than 3D 
results except for 1st section. Due to the drainage effect of the 
fault zones near the 1st section, the water head decreases 
because of the drainage effect of these fault zones, while 2D 
model couldn’t catch this phenomenon.  

                              

Figure 5: Phreatic Surface around the Dam Structure and 
Distribution of Water Flow Lines from 3D Seepage Analysis 
(a) and those from 2D Seepage Analysis (b). 

Water Elevation  
   Figure 7 shows measured water level at downstream shell 
at mid part of the valley together with the water levels 
obtained from two and three-dimensional FE analysis. As it 
is illustrated, the water level at core and very beginning of  (a)

Crest
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Figure 4: 3D model of the dam site (a); and FE meshing (b) 
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 the downstream shell on 3D model results, coincide the real 
observed water levels.  

Discharge Rate 
3D finite element model analysis results in the total 
downstream discharge rate of 32.67 L/s for steady state 
condition. Total 2D downstream discharge rate obtained from 
summation of the seepage analysis results of several cross 
sections of the dam is 15.3 L/s for the same condition. The 
difference is because of neglecting the 3D flows leak from 
the abutments and fault zone. 

Hydraulic Gradient 
   Hydraulic gradients at downstream toe obtained from 
three-dimensional seepage analysis is 0.95 while two-
dimensional analysis renders maximum hydraulic 
gradients of 0.35 for the respective seepage condition; 
almost one-third of 3D gradients. As demonstrated in 
Figure 5a, the concentration of flow lines from the side 
abutments to the river bed and fault zones result in the 
higher gradients at the downstream toe of the dam.  

Figure 7: Comparison between 2D and 3D water levels for 
unsteady and steady state seepage conditions. 

Conclusions 

In this paper several two and three-dimensional finite 
element analyses for steady state seepage conditions were 
were preformed on an earth-fill dam. The results were 
compared to those obtained from measurements of seepage 
instrumentation system installed in the foundation and dam 
body. Agreement between 3D calculated and measured 
pressure heads for most of the instruments verified the 
suitability of selected parameters and the model structure for 
the seepage analysis and monitoring. The results from 3D 

Shell Boundary 
Core Boundary 

Observation Wells 
3D Analysis 
2D Analysis 

Figure 6: Measured and Predicted Piezometric Water Pressures. 
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FEM, verified correctness of measured heads obtained from 
the installed instrumentation system and recognized the 
damaged instruments. Considering measurements of seepage 
instrumentation, the comparison of seepage analysis results 
between the two and three-dimensional models show that the 
results of the conventional two-dimensional seepage analysis 
for embankment dams located in V-shaped and 
inhomogenous valleys are far from reality and therefore these 
2D models are not capable of capturing the real-state 
situation. Due to seepage through side abutments into the 
downstream shell and other three-dimensional 
inhomogeneities, the real water level, discharge rates and 
hydraulic gradients are much higher than those obtained from 
the two-dimensional analyses. Therefore, in order to have a 
more accurate seepage analysis results for an embankment 
dam located in a narrow and inhomogenous valley, three-
dimensional modeling of the dam site is vital. Making three-
dimensional models of a dam site and analyzing them can be 
considered expensive or time consuming, especially for first 
time practitioners but, these models are much more accurate 
and representative of real situation, also therefore, models 
can be used for further alternative analysis during dam 
operation life. 
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