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Abstract:  
 
One of the most important reasons for the damage in clay core rockfill (CCR) dams is the sudden and 
big settlements of these dams. Therefore, it can be indicated that the forecast of sudden settlement in a 
clay core rockfill dam is extremely important. In the present study, it is presented that how the behavior 
of this type of dams changes by effect of the reservoir water according to the numerical analyses. Atatürk 
dam, which is the biggest clay core rockfill dam built in Turkey, was selected in three-dimensional 
analyses. Three-dimensional finite element model of Atatürk dam was modelled using FLAC3D 
software which is based on the finite difference method. Mohr-Coulomb material model was used for 
clay core, filters, rockfill and foundation in nonlinear analyses. Numerical analyses were carried out for 
empty and full reservoir water condition of the dam. Thereby the effect of reservoir water on the non-
linear behaviour of the CCR dam is assessed after finite element analyses. According to the numerical 
analyses, it was observed that how much vertical settlement on crest of the Atatürk dam will occur. 
Based on the numerical analyses, when compared empty and full reservoir conditions of the dam, 
significant differences in vertical displacement were observed in the clay core and on the dam body. 
 

Key words: Clay core rockfill dam, Mohr Coulomb material model, Finite element model, Settlement 
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1. Introduction  

 
Since the water need increases with industrial and agricultural requirements, the number of new 
water supplies, including dams, increases proportionally. In near future, the current infrastructure 
probably would not supply adequate water demand in many regions around the world. Insufficient 
city infrastructures, which cannot provide the people needs, can lead to risk of human life. There 
are several options to provide the additional water resources; one of the them is the construction a 
dam [1]. Dams, including rockfill zones, are one of the most important structures for providing 
water for humans in terms of human sustainability. The types of conventional rockfill dams are; 
clay core rockfill dams, concrete-faced or asphalt-faced rockfill dams. In recent years, these 
immense constructions have great interest due to the increase in rise of environmental awareness 
and renewable energy. A clay core rockfill (CCR) dam was constructed with an optimum use of 
different geotechnical materials and these dams have a clay core in their center. CCR dams are 
built for many purposes such as irrigation, energy production and flood control. Also, these dams 
are preferred for their economic advantages and easy construction. Generally, these structures are 
constructed in valleys where there are sufficient amount of rock materials and the foundation rocks 
have favorable quality. According to the world's leading engineering and economical researches, a 
rockfill dam with impervious clay core is the best choice for the ultimate design [2]. 
A clay core rockfill dam should be able to resist all static and dynamic effects that have been loaded 
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onto its lifetime. Generally, there are two different types of deformations associated with CCR 
dams. The first one is the vertical displacements occurring from the dam's own weight. The second 
one is the horizontal deformation which is perpendicular to the main axis of the dam. Settlement is 
one of the most important deformation characteristics of a high clay core rockfill dam. It is regarded 
as a key indicator of dam safety. Investigation of dam behavior under reservoir loads may be vital 
for CCR dams. Many researchers investigated the settlements of rockfill dams in previous decades. 
Kovacevic et al. [3] and Duncan [4] are the most important contributors to developments in 
numerical analyses of embankment deformation behaviors, mainly for zoned earth and rockfill 
dams. Justo [5] and Naylor [6] suggested many methods for the incorporation of collapse settlement 
of rockfill into constitutive models. Cetin et al. [7] investigated vertical settlements in the Atatürk 
Dam, which is the biggest rockfill dam in Turkey. After the dam started to reserve water, 
settlements appeared at the crest of the dam. Vertical settlements were also observed in the dam 
during the following five years. They observed that vertical settlements increase at crest of dam as 
time progresses. Zhan et al. [8] performed time dependent deformation analysis in the high rockfill 
dam. Deformations were observed by numerical simulation and in geodetic measurement. They 
compared both results graphically and numerical analyses were confirmed using geodetic 
measurements. Yu et al. [9] performed a parametric study on stability of rockfill dams. They 
performed 2D and 3D numerical analyses and they examined behaviour of rockfill dam. Zhang and 
Zhang [10] modelled a three-dimensional rockfill dam and performed numerical analyses under 
different conditions; including dam construction, water storage and effect of earthquake. According 
to the results, they evaluated displacements and stresses which were obtained from numerical 
analyses. Fang and Liu [11] investigated two dimensional analyses of the rockfill dam. They 
investigated the deformations and principal stresses of the rockfill dam after the construction and 
under the normal water depth condition. Zhou et al. [12] examined vertical settlements in a rockfill 
dam under different conditions. These settlements were obtained from numerical calculations and 
geodetic observations. The time-dependent settlement behaviour of a rockfill dam was investigated 
on the basis of settlement-monitoring records and displacement back analysis. In addition, 
numerical analyses were verified with geodetic measurement results. Xu et al. [13] modelled three-
dimensional finite element model to perform numerical analyses and they investigated nonlinear 
behaviour of the rockfill dam. The model parameters were calibrated by triaxial tests. The step-by-
step construction followed by subsequent impounding of the reservoir water was simulated in the 
numerical procedure. The numerical results agree well with in situ monitoring records of dam 
settlements. Kartal et al. [14] investigated the rockfill dam under static loads using the improved 
Rackwitz-Fiessler method. Numerical analyses were performed considering the self-weight of the 
dam and the hydrostatic pressure of the reservoir water. Kim et al. [15] investigated the deformation 
characteristics of a rockfill dam during the dam’s construction and initial reservoir filling phases. 
Two-dimensional finite element analyses were performed to assess the displacements during both 
the construction and initial reservoir filling stages. In addition, geodetic measurement results of the 
rockfill dam were shown in this study. Observed displacement results and numerical analyses are 
similar and numerical analyses were confirmed by measurement results. Prampthawee et al. [16] 
performed the time-dependent analyses of high rockfill dam. Three-dimensional finite element 
analyses without creep and with creep considerations of rockfill dam have been compared with the 
situ measurements. Besides, numerical analyses were verified by measurement results. Wen et al. 
[17] evaluated measurement results which were obtained from a detailed deformation-monitoring 
system and three dimensional numerical analyses and measurements were compared and confirmed 
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with numerical analyses. 
In this study, we investigated the non-linear behaviour of Atatürk Dam, which is the largest clay 
core rockfill dam in Turkey and located between the cities of Sanliurfa and Adiyaman. The three-
dimensional dam-reservoir-foundation interaction system of Atatürk dam was modelled by the 
finite difference method using FLAC3D software. Finite difference method is used in numerical 
solutions. Mohr-Coulomb material model was used for dam body (clay core, alluvium, rockfill 
materials and filter zones) foundation in all non-linear analyses. As the first step of numerical 
analyses, only the foundation was considered and it was collapsed under its self-weight. Then, the 
dam body was placed on the settled foundation model. After the foundation-dam body system was 
collapsed under its self-weight, reservoir water loads were performed on the dam body and 
reservoir-dam body-foundation system was modelled. Afterwards, the Atatürk Dam was analyzed 
for empty reservoir water condition and 170 m (full reservoir condition) of the reservoir water 
depth. Vertical displacements were evaluated for two different reservoir conditions. The results 
showed that the occurrence of reservoir water increases the vertical displacements in the dam body 
obviously. Moreover, it is clearly seen that significant displacement differences occurred when 
increase reservoir water level. When the reservoir water is considered approximately 2 m vertical 
displacement differences occurred at the dam body. 
 
2. Atatürk Dam 

 

The Atatürk Dam which is a clay core rockfill dam, was constructed between the Sanliurfa and 
Adiyaman provinces in South-East of Turkey (Fig. 1). The dam is one of the largest rockfill dams 
built in the world. It was constructed under the South-Eastern Anatolian Project. The project 
includes 22 dams, 19 hydroelectric plants, 26.5 km long irrigation tunnels with 25 ft in diameter 
and thousands of miles of irrigation canals to irrigate 1.800.000 ha of land. The height of the 
Ataturk Dam is 169 m.  
 

 
Figure 1. The location and view of Atatürk Dam. 

 
Its crest length is 1664 m and the crest width is 15 m. Maximum and minimum water depths of 
dam are 542 m and 526 m, respectively. Moreover, maximum and minimum reservoir volumes are 
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48.7 km3 and 29.4 km3, respectively. The reservoir area of Atatürk Dam is 817 km2. The dam has 
8 different turbines to generate energy and it generates 8900 GWh of energy annually. The fill of 
the dam contains a high plasticity clay slaking and associated sliding problems for the impervious 
zone, natural and processed alluvium for the filter zones, basalt and plicated limestone for the shell 
zones. In contrast to the estimated construction period (5-5.5 years), all processes for building the 
dam ended in exactly 3 years and 8 months (Cetin et al. 2000). The typical cross section of Atatürk 
dam is demonstrated in Fig. 2. The dam body has oval dam geometry and this situation caused 
many problems during finite difference modelling. In addition, the oval geometry has double 
curvature. The slope of the upstream is 1:2.15 and slope of the downstream is 1:2.2. Slopes of core 
wall, filter, zones and transition zones are 1:45. Atatürk dam has different filling materials in the 
body and these materials have 9 different mechanical properties. The most critical section of 
Atatürk Dam is shown in Fig. 2.  
 

 
Figure 2. Typical cross section of Atatürk Clay Core Rockfill Dam [18]. 

 
The dam was built as central clay core rock fill dam. There are various materials around the core 
such as basalt, alluvium etc. A high plasticity type clay was used in the construction of the clay 
core. Moreover, while constructing the clay core, clay was laid in 0.3 m thick lifts and compacted 
by sheepsfoot rollers. Properties of the materials were selected from the experimental studies and 
literature as given in Table 1. 
 

Table 1. Material properties of Atatürk Dam body [18]. 
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3. Three-dimensional finite difference model 

 
Deformation monitoring at all stages in a dam’s life is very significant for safety and the future of 
the clay core rockfill dam. For this reason, based on the usage of FLAC3D software, a three-
dimensional (3D) finite difference model of the Atatürk Dam was modelled and deformations in 
the dam body were observed. The 3D model was created according to the original dam geometry. 
Since the Atatürk dam has oval double curvature geometry, the finite difference model was created 
accordingly. The 3D model of dam body has 9 different sections. These have 9 different 
geometrical properties. 9 various sections create 8 different blocks in the finite difference model 
(Fig. 3). Creating three dimensional models and meshing this 3D model were time consuming and 
hard processes. Thus, the work took great effort and many weeks. The model was constructed 
exactly the same as in the original dam project. After the three dimensional model of dam body 
was constituted, the foundation was modelled in detail. The foundation model was extended toward 
downstream and the valley side as much as dam height. Also, it was extended three times of the 
dam height at upstream side of dam [14]. Finally, foundation height was considered as much as the 
dam height (Fig. 4). In total, 10 different materials were used in the dam body-reservoir-foundation 
system. 

 
Fig. 3. Three dimensional models of Atatürk Dam body. 

 
Fig. 4. Three-dimensional model of Atatürk Dam-Foundation interaction system. 
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2 various cases of the three dimensional non-linear analyses are presented below. These cases are 
shown in Table 2.  
 

Table 2. Two different cases for numerical analyses. 
Case Reservoir Height 

Case 1 Empty Reservoir 
Case 2 Full Reservoir (170) 

 

When focusing on the Table 2, numerical analyses were observed for 2 different reservoir 
conditions. Different 3D models were created for 2 situations. Before performing the numerical 
analyses, the 3D finite different model of the Atatürk dam was created for empty reservoir 
condition. Then, as in the original dam project, materials properties were defined for each volume. 
The movement of the base of foundation was restricted in three directions (x, y, z). Moreover, the 
movement of the side surfaces of the model was allowed only in the vertical direction (z) and it 
was restricted in the horizontal directions (x, y). Mohr-Coulomb material model was defined for 
dam body and foundation. Firstly, numerical analysis was completed only for empty reservoir 
condition. Prior to the filling of reservoir, the foundation was collapsed under its own weight. Then, 
the dam body was placed on the settled foundation model and this 3D finite difference model was 
collapsed in the Case 1. Afterward, all displacements which were obtained from the collapsed 
model were set to zero. This was achieved in order to exclude construction related deformations 
and obtain accurate displacement created by the first analysis. Then the reservoir was filled up for 
170 m (full reservoir) of reservoir water depth and the reservoir-dam-foundation system was 
modelled. This is not automated process and therefore each process was calculated individually.  
 
3. Numerical results and discussion 

 
Three dimensional nonlinear analyses of the clay core rockfill dam are presented in detail in this 
section. Vertical displacements are presented graphically for 2 different reservoir conditions and 
these numerical results were compared with to each other. According to numerical analyses 
nonlinear behaviour of the dam was evaluated.  
 
3.1. Vertical displacements for empty reservoir condition 
 
According to nonlinear numerical analyses, vertical displacements of the CCR dam for empty 
reservoir condition of the Atatürk dam are presented in Fig. 5-6. 3 nodal points were determined 
on the dam body so as to see better the vertical displacements in the dam when the water is taken 
into account. The vertical displacements in these three nodal points are shown graphically in this 
section. In addition, the dam was divided into two parts from the midpoint of the center to examine 
the behavior changes in the dam body in detail. Because of the dam body was not exposed to any 
external force for empty reservoir condition of the dam, the vertical displacements occurred only 
at the dam body and around the clay core. In addition, the maximum settlements took place in the 
clay core. The maximum vertical displacement occurred in clay core is 3.42 m (Fig. 5). Moreover, 
there are relatively less settlements on the upper surface of the dam body.  If the 3 nodal points on 
the surface of the dam body are examined, the nodal point 3557 has 0.3 m vertical displacement. 
In addition, the nodal points 3559 and 3561 which are at the upper elevations of the dam body, 
have approximately 0.5 m and 0.8 m settlements, respectively (Fig 6). When the vertical 
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displacements are examined from the dam surface to the clay core, there are more settlements 
around the clay core. 
 

 
Figure 5. Vertical displacements (m) in Case 1. 

 

 
Figure 6. Vertical displacements (m) of 3 nodal points on dam body in Case 1. 

 
3.2. Vertical displacements for full reservoir condition 

 
Our numerical outcomes show that the hydrostatic pressure causes visible settlements in the body 
of the dam at full reservoir condition of the Atatürk Dam (Fig. 7). Vertical displacements are 
approximately 5.48 m at the clay core of the dam. In additional, approximately 3 m vertical 
displacements were observed around the cofferdam section. Maximum settlement is 0.6 m at the 
foundation which is under the dam body. Also, if Case 1 is compared with Case 2, an extra 2 m 
vertical displacement occurred on the surface of the dam. For nodal points 3557, 3559 and 3561, 
4.9 m, 3.7 m and 3.2 m settlements were acquired respectively, in numerical analyses (Fig. 8). It 
appears that when the hydrostatic pressure increase from the crest of the dam to the foundation, 
there are more settlements in the bottom elevations of the dam body (Fig. 8). 
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Figure 7. Vertical displacements (m) in Case 2. 

 

 
Figure 8. Vertical displacements (m) of 3 nodal points on dam body in Case 2. 

 

Conclusion 

 
We believe that it is extremely important to investigate the effect of reservoir water on the response 
of clay core rockfill dams in terms of safety. In order to understand how the behaviour of the dam 
changes with the reservoir water, we created 2 different finite element models of Atatürk Dam for 
two reservoir conditions, taking into account the dam-foundation-reservoir interaction. The 
selected water depth is 170 m. According to the numerical results, vertical displacements were 
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examined and comprehensively evaluated for nonlinear analyses. Our results have led to the 
following conclusions: 
 
 The present study clearly shows that maximum vertical displacement occurred in the clay core 

and this vertical displacement value is 3.42 m for empty condition of the reservoir water. When 
investigated vertical displacements from clay core to surface of the dam, vertical displacements 
clearly diminished.  

 Maximum vertical displacement is 5.48 m in the clay core for full reservoir condition of the 
dam. In addition, if examined three nodal point of the surface of the dam body, maximum 
vertical displacement occurred at the lowest nodal point and minimum vertical displacement 
observed at the top nodal point. 

 When the reservoir water is considered, vertical displacements increase due to the effect of 
hydrostatic pressure. If compared two reservoir conditions, minimum vertical displacements 
occurred for empty reservoir condition (Case 1) and maximum vertical displacement was 
observed for full reservoir condition (Case 2). This data provides a clear evidence for the effect 
of reservoir water on nonlinear behaviour of the dam. 
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