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Abstract 

In this paper, numerical analyses have been performed on the Karkheh embankment dam with a clayey core and plastic 
concrete cut-off wall during construction, impounding, and permanent seepage stages. The dam has 127 meters height 
and is located in a high seismic hazard zone in Iran. Different stages of construction, water impounding, and steady state 
seepage were modelled and analyzed using the hyperbolic and Mohr-Coulomb models with the two dimensional finite 
difference method (FDM). So, nonlinear analyses were performed using FLAC 2D to investigate the settlements and the 
pore water pressure changes in different zones of the dam during above-mentioned stages and the results were 
compared to those of the other studies. The results show that at the end of the construction stage, the maximum 
settlement equal to 1.45m occurs inside the clay core at the height of 65m. Then, after impounding of the reservoir and 
steady state stage, the maximum magnitude of the horizontal deformations occurs in the downstream of the dam equal 
to 0.55m; however, these magnitudes reach to 0.17m at the crest of the dam. Moreover, it was shown that the maximum 
horizontal displacement of the plastic concrete cut-off wall has happened at the top of the wall in the clay core which is 
in a good agreement with the other studies’ result.  
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1. Introduction

Embankment dams provide a life-sustaining resource to people in all regions of the world. They can serve several 
functions at once, including water supply for domestic, agricultural, industrial, community, and livestock uses. Among 
various types of embankment dams’ failure, cracking and collapse in the clay cores and cut-off walls as the barriers 
preventing seepage through the dam is highly catastrophic. Therefore, providing a method to decrease the seepage of a 
large embankment dam is of great importance [1]. Selecting the best method to this aim depends on the materials of the 
foundation, the risk involved in excessive seepage from the foundation, as well as the available construction technology. 
Employing cut-off walls of plastic concrete material is one of the most important and effective methods used for seepage 
control and remediation in weak foundations of embankment dams. Plastic concrete as a proper material meets 
essential requirements for dams’ cut-off wall construction including strength, stiffness, and impermeability. These 
features are crucial for the prevention of the earthquake geo-hazard’s disasters in geotechnical structures [2, 3] 
especially, those located in seismic zones [4]. Such a material comprises a mixture of cement, aggregate (sand and 
gravel), water, and Na-bentonite in special proportions which has very low hydraulic conductivity and excellent 
ductility after reaching failure [5]. The constituents of plastic concrete materials are, in general, those of ordinary 
concrete materials; however, some differences exist. In plastic concrete, the aggregates’ size is usually limited to a 
certain value and some amounts of bentonite are also added to the mixture of the concrete. This leads to a material with 
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comparatively lower stiffness and strength [6]. The International Commission on Large Dams (ICOLD) has presented 
characteristics of plastic concrete and other filling materials for watertight cut-off walls [7]. According to the ICOLD 
recommendations, for a given plastic concrete cut-off wall, the stiffness of the plastic concrete should be limited up to 
maximum four to five times of the foundation material stiffness. Otherwise, excessive load concentrated on the cut-off 
wall may cause its cracking and failure. From the loading distribution and structural point of view, plastic concrete cut-
off walls are preferred for the large dams with the foundations comprised of alluvium materials. 

Field monitoring, centrifuge modeling, and numerical analysis methods were usually used to study the behavior of 
embankment dams containing cut-off walls. For example, the interaction mechanism between the cut-off wall and 
surrounding soils in the upstream cofferdam of the Three Gorges Project was investigated through the centrifuge model 
tests and numerical analyses and the strain and deformation of the cut-off wall were monitored [8-10]. Many numerical 
analyses have been carried out to investigate the interaction between overburden soils and the cut-off wall of 
embankment dams; so, the influence of the cut-off wall’s thickness, the properties of alluvium deposits, the valley 
boundary, and the cut-off wall construction sequences on the stress-deformation behavior of cut-off walls have been 
studied [11, 12]. Also, Lee et al. [13], Al-Janabi et al. [14], Aboelela [15], Venkatesh and Karumanch [16], Jiang and He 
[17], Qiu et al. [18], and Kheiri et al. [19] in separate studies examined the seepage of various embankment dams around 
the world. 

In this study, the numerical analysis of a mixed clay core embankment dam built on a deep overburden layer was 
conducted and the results were compared to those of actual instrumentations. In other words, the main purpose of this 
paper is to study the mechanical behavior, i.e., the settlements and the pore water pressure changes, of different zones 
of an embankment dam including its body, mixed clayey core, and plastic concrete cut-off wall. So, the Karkheh Large 
Embankment Dam constructed in the south-western part of Iran was considered as a case study and modelled using 
FLAC 2D during different phases including construction, impounding, and permanent seepage stages. The method 
implemented for the current study is the 2D-plane strain numerical modeling and analysis of an idealized critical cross 
section of the dam and foundation. First, a summary of the characteristics of the Karkheh Dam Project will be introduced. 
Then, principles of the modeling and analysis will be briefly described. Finally, the numerical analyses of the dam and 
foundation subjected to the simultaneous loadings of construction, water impounding, and steady state seepage phases 
will be introduced and the corresponding results will be presented. Moreover, the results corresponding to the 
settlements of the dam will be compared with those of obtained from a study performed using finite element method 
(FEM). 

2. The Karkheh Dam 

The Karkheh Dam constructed on the Karkheh River in the south-west of Iran is an embankment dam with a central 
clay core, a maximum height of 127m, and a crest length of 3030m. It was designed to irrigate 320,000 hectares of land, 
produce 520 MW of hydro-electricity, and prevent downstream floods. The dam features a large volume of materials 
used in its construction (32 million cubic meters) and a big gross volume of the reservoir (7800 million cubic meters). 
Figure 1 presents the critical cross section of the dam and its foundation at station: 1+230 km. It must be noted that 
more than 1000 instruments have been mounted within the Karkheh dam along 23 sections all over its length. 

 

Figure 1 The critical cross section of the Karkheh Dam and its instrumentation arrangement 
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The instrumentation arrangement in the foundation and body of the dam at the critical section of the dam, i.e., section 
5-5 at St. 1+230.00 km, is shown in Figure 1, as well [20, 21]. 

The dam’s foundation comprises conglomerate material with mudstone layers. A plastic concrete cut-off wall was used 
for seepage control in the foundation of the Dam. The cut-off wall features a maximum depth in the foundation of about 
80m and a length of 2941m. The thickness of the wall varies from 0.6m to 1m in different sections according to the dam 
height. The top of the cut-off wall is embedded in the mixed clay core with embedment height varying from 2m to 8m, 
depending on the dam height at the corresponding section. In the interface of the core and foundation, the cut-off wall 
is reinforced by constructing a trench filled with plastic concrete. More details about the Karkheh Dam Project were 
given by Soroush and Spandar [22].  

3. Material and methods 

3.1. Finite Difference Model 

The Finite Difference Model was employed for the modeling and analysis of the dam and foundation cross section shown 
in Figure 2. So, a two dimensional, plane strain analysis of the Karkheh Dam was performed using 2D FLAC Software. 
The model requires elastic properties, a yield locus, a plastic potential function, and a flow rule which is non-associated 
to the shear-flow but associated to the tensile flow [23]. 

3.2. Geometry and Materials 

The simplified finite difference mesh (FDM) used in the analyses of the entire dam body and the overburden foundation 
and the corresponding magnified mesh near the cut-off wall are shown in Figures 2 and 3. To simulate the embankment 
filling, each layer was modeled with thickness of 5m, totally 25 construction layers. Since the consolidation settlement 
of the overburden foundation has already been stable over thousands of years, the displacement of the overburden 
foundation was set to zero at the beginning of the calculation. However, the initial earth stress of the overburden 
foundation should be considered, which was calculated using the unbalanced force iterative method in the model. 
Moreover, the ground water level at the end of construction stage was assumed to be at the base of the dam. 

In the analyses, to model the mechanical behavior of the materials, the Duncan-Chang model was used for the shell 
materials [24]. This model is the most typically and widely used; because, it can not only reflect the nonlinear 
characteristics of soils but also is suitable for a wide range of geotechnical materials. Moreover, in order to model the 
variations in the properties of the materials with the effective stress, i.e., internal friction angle and shear modulus, a 
number of functions were developed using software's built-in programming language, FISH, in addition to the built-in 
elasto-plastic model of Mohr-Coulomb. The provided FISH was used to introduce the hyperbolic nonlinear model in the 
static analyses as well. In the current study, the mechanical characteristics of the plastic concrete material used in the 
cut-off wall of the dam were considered based on the experimental investigations performed by Pashang Pisheh and 
Mir mohammad Hosseini [25, 26]. So, the linear elastic modulus of the plastic concrete cut-off wall and the Poisson’s 
ratio of this material were considered 400 MPa and 0.22, respectively [27]. The Young’s modulus, E, and the bulk 
modulus, Bt, of the constitutive model are expressed as below: 

E = 𝐾𝑝𝑎 (
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Where, σ1 and σ3  are the major and minor principle stresses, respectively; p𝑎  is the atmosphere pressure; R𝑓  is the 

failure ratio; 𝐾 is the modulus number; K𝑏  is the bulk modulus number; n and m are the exponents; E𝑢𝑟 and K𝑢𝑟  are the 
Young’s modulus and modulus number under unloading and reloading conditions, respectively; φ is the internal friction 
angle; and 𝐶 is the cohesive strength. 
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Figure 2 Finite difference grid generation and the dam general geometry 

 

 

Figure 3 Magnified finite difference model at the core and cut-off wall of the dam 

The parameters used for the analyses are shown in Table 1, where 𝜈  is the poisons ration, n is porosity, k𝑠  is the 
permeability coefficient, and ρ is the density of the material. 

Table 1 Material parameters used in the numerical analyses 

Material 𝝂 n 𝑲 𝑹𝒇 𝑲𝒖𝒓 𝐂 (𝐤𝐩𝐚) 𝛗(𝐝𝐞𝐠. ) 𝐄 (𝑴𝒑𝒂) 𝐤𝒔(𝒄𝒎
𝒔⁄ ) 𝛒𝒔𝒂𝒕(

𝒕𝒐𝒏

𝒎𝟑
) 

Clay Core 0.35 0.34 265 0.89 395 50 12 35 10−7 2.0 

Rockfill Shell 0.25 0.25 430 0.88 645 0 39 102 10−4 2.2 

Filter & Drains 0.27 0.50 350 0.88 525 0 35 70 10−3 2.0 

Plastic Concrete 0.22 0.20 --- --- --- 800 28 400 10−7 2.2 

Conglomerate  0.25 0.45 --- --- --- 85 39 800 10−6 2.3 

Mudstone  0.30 0.35 --- --- --- 70 22 120 10−8 2.1 

4. Results and discussion 

4.1. End of Construction Stage 

Static analyses were carried out for various stages including end of construction, water impounding, and permanent 
seepage. The hyperbolic model proposed by Duncan and Chang [24] was used in these analyses. Generally, displacement 
of earth dams includes vertical and horizontal displacements. The vertical displacement is related to the weight and the 
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consolidation of the dam materials. The horizontal displacement, on the other hand, mainly refers to the upstream 
movement of the dam due to the impounding of the reservoir which is associated with the rapid reduction of the 
effective stresses at the upstream of the dam as well as the downward movement of the dam due to the hydrostatic 
forces caused by the reservoir. The major settlement of the earth dams at the construction period is an immediate or 
elastic one. The rapid settlement is affected by the elastic behavior of the materials due to the successive loading of the 
new layers on the underlying layers and in a short time. To model the construction stage, the Karkheh Dam was modeled 
by dividing its total height into 25 layers the thickness of which were considered 5m. According to the layered 
construction of the dam and the resulted changes in the mechanical behavior of the embankment materials, the Duncan-
Chang and Mohr-Coulomb models were implemented to simulate the layers and the displacements after each layer of 
filling. Figures 4 and 5 show the vertical and horizontal displacement contours of the dam at the end of the construction 
stage. As shown, the maximum settlement equal to 1.45m occurs inside the clay core at the height of 65m; however, the 
horizontal displacement has symmetric contours with the maximum of 0.4m at both up and downstream parts of the 
dam. 

 

Figure 4 Vertical displacement contours at the end of the construction stage 

 

 

Figure 5 Horizontal displacement contours at the end of the construction stage 

Figure 6 shows the results of the analyses for the vertical stress contours in various points of the Karkheh dam. As it can 
be seen, at the end of the construction stage, the vertical stress magnitudes in the clay core are clearly less than those 
in the adjacent points of the up and downstream shell, filter, and drains of the dam. This is because of the arching in the 
clay core which is resulted from the partial transfer of the weight of the more flexible, fine-grained core materials to the 
stiffer shell, filter, or abutment materials. This phenomenon leads to a reduction in vertical stresses in the core, 
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increasing the risk of the hydraulic fracturing when the core is subjected to high water pressures during dam 
impoundment. 

 

Figure 6 Vertical stress contours at the end of the construction stage 

4.2. Impounding and Permanent Seepage Stages 

Generally, the pore water pressure distribution within earth dams is caused by gravity seepage. The distribution of the 
pore pressure due to the gravity seepage is determined using the flow grid concept applied in the finite difference 
method. In the simulation of both the impounding of the reservoir and seepage of the dam, because of the very low 
permeability of the core in comparison with the shell and transition materials, the water pressure was directly applied 
on the upstream face of the mixed clay core as a mechanical hydrostatic pressure. A coupled flow and mechanical 
analysis has been done for modeling this stage. So, in the current study, the permanent seepage analyses of the Karkheh 
embankment dam were performed when the water level of the reservoir was at +220 MASL, i.e., 114 meters above the 
foundation level. Figures 7 and 8 illustrate the pore water pressure contours in the dam body and foundation in the 
permanent seepage stage. It is evident that the pore pressure changes occur very slowly in the upstream shell of the 
earth dam; however, in the regions near the clay core and cut-off wall due to the very low permeability parameters and 
the consequent sharp drop in the hydraulic head, the pore pressure changes happen more intense. 

 

Figure 7 Pore pressure contours in the clay core at the permanent seepage stage 

Considering the vertical stress for the total and effective states, it could be concluded that getting saturated the upstream 
part of the dam results in an increase in the total vertical stresses and decrease of the effective ones. Moreover, the 
results show that the impounding of the dam’s reservoir results in increase in the horizontal displacements of the dam 
especially, in the vicinity of the clay core. At this stage, the maximum level of the horizontal deformations occurs in the 
downstream equal to 0.55m; however, these magnitudes reach 0.17m at the crest of the dam. 

Figure 9 shows the comparison between the current study’s results for the horizontal displacement of the plastic 
concrete cut-off wall and those obtained from Soroush and Rayati [6] at the end of the construction and the steady state 
stages. It is clearly concluded that the maximum horizontal displacement of the cut-off wall has happened at the top of 
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the wall in the clay core; this could be attributed to the lower deformability modulus of the clay core material rather 
than the stiffer conglomerate foundation. 

 

Figure 8 Pore pressure contours near the cut-off wall at the permanent seepage stage 

 

 

Figure 9 Comparison of the horizontal displacement of the plastic concrete cut-off wall 

4.3. Results of Instrumentation 

In this research, to verify the results of the analyses at the end of the construction stage, the results of the 
instrumentation for the parameters including the settlement and pore water pressure in the various heights of the clay 
core as well as the settlements of the up and downstream shell at the section 1+230km of the dam were considered. 
Based on the results, the maximum settlement of the clay core at the end of the construction stage is measured equal to 
1.26m from the instrumentation data. This result is comparable to the corresponding value predicted in the numerical 
analyses of this stage equal to 1.45m. Figures 10 to 15 compare the instrumentation results for the pore water pressure 
and settlement changes during dam’s construction with the corresponding results obtained from the numerical 
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analyses. It is concluded that the instrumentation results are in a good agreement with those of the numerical 
simulation. 

 

Figure 10 Comparison of the settlements obtained from the instrumentation and numerical analyses in different 
heights of the clay core 

 

Figure 11 The pore pressure in the clay core obtained from the instrumentation and the numerical analyses (EP5-2, 
Height=106m) 

 

Figure 12 The settlement in the upstream shell obtained from the instrumentation and the numerical analyses (I5-1, 
Height=120m) 
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Figure 13 The settlement in the upstream shell obtained from the instrumentation and the numerical analyses (I5-1, 
Height=180m) 

 

Figure 14 The settlement in the clay core obtained from the instrumentation and the numerical analyses (I5-2, 
Height=165m) 

 

Figure 15 The settlement in the clay core obtained from the instrumentation and the numerical analyses (I5-2, 
Height=180m) 
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5. Conclusion 

In this study, the numerical analyses of the Karkheh Embankment Dam and its foundation including the cut-off wall 
carried out using finite difference method (FDM). The results of the analyses confirm that the critical embankment slope 
at the end of the construction is the upstream slope. Based on the current study results, the following conclusions can 
be drawn: 

 At the end of the construction stage, the maximum settlement equal to 1.45m occurs inside the clay core of the 
dam at the height of 65m; however, the horizontal displacement has symmetric contours with the maximum of 
0.4m at both up and downstream parts of the dam. 

 After impounding of the reservoir and steady state seepage stage, the maximum magnitude of the horizontal 
deformations occurs in the downstream of the dam equal to 0.55m; however, this magnitude reaches 0.17m at 
the crest of the dam. 

 The maximum horizontal deformations in the cut-off wall occur in the higher elevations of the wall where the 
cut-off wall is embedded in the clay core of the dam. This could be attributed to the lower deformability 
modulus of the mixed clay core material rather than the stiffer conglomerate foundation. 
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