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ABSTRACT 
 

This paper aims to present the three-dimensional nonlinear seismic response of concrete 

gravity dams considering contact elements at dam-reservoir interaction interface. Dam-

reservoir contact interface is modeled with three-dimensional surface-to-surface contact 

elements based on the Coulomb’s friction. A numerical investigation of the effect of 

hydrodynamic interaction and sliding of the water along the dam-reservoir interface is 

performed. The maximum horizontal displacements and principal stresses in the different 

sections of the dam are presented as well as seismic behavior of dam is examined in empty 

and full reservoir cases. Besides, the damage placements in the concrete dam are evaluated. 

 

Keywords: Concrete gravity dam; dynamic dam-reservoir interaction; Lagrangian 

approach; contact elements; nonlinear seismic response; finite element method. 

 

 

1. INTRODUCTION 
 

The building of dams in seismic zone constitutes a permanent potential danger to the 

surrounding population, and a major concern for governments. Accordingly, it is necessary 

to study precisely the dynamic behavior of dams in order to evaluate their performance 

under the different predicted earthquakes. 

There are several phenomenons affecting the dynamic behavior of concrete dams to 
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seismic excitations. These are generally the dam-foundation and dam-reservoir interaction. 

Many researches were carried out on the dam-foundation interaction problem by a lot of 

researchers [1-9]. 

In the literature, two approaches may be used to model the dam-reservoir interaction 

phenomenon, the coupling method and contact elements. For the first approach, the main 

objective of the coupling approach is to hold equal the displacements between two 

reciprocal nodes in the normal direction to the interface. But, the dam body and reservoir 

fluid haven’t the same material properties, their interaction should be modeled by using 

different nodes at connection interface. In the second approach, the contact interface 

between the dam and the water reservoir is modeled by interface and contact elements which 

provide the friction contact. 

In recent years, the dynamic contact problems became nonlinear and nonsmooth [10-12], 

and a part of the discipline of contact mechanics [13-15], which has allowed to treat 

effectively the different contact phenomenons in engineering field and its applications. 

Several researches were based on the use of interface elements in order to study seismic 

response of concrete gravity dams including dam-foundation rock interaction [16-21]. 

Arabshahi and Lotfi [22] studied the seismic response of gravity dams considering interface 

elements between the dam base and the foundation rock to model sliding and opening along 

the dam-foundation contact interface. Kartal [23] presented the earthquake response of 

roller-compacted concrete dams considering dam-foundation-reservoir interaction using 

three-dimensional finite element model. The structural connections in dam-foundation-

reservoir interaction interface are modeled by using contact elements. The effect of variation 

of friction coefficient based on the contact elements at dam-foundation interface on the 

seismic response of concrete gravity dams was investigated by Ouzandja and Tiliouine [24]. 

Besides, contact elements have a wide field of use to present the interaction phenomenon 

between different media, in particular fluid-structure interaction. However, the use of these 

elements to describe dam-reservoir interaction remains limited in published literature 

compared to approach when the coupling elements are employed.  

The seismic response of Oued Fodda concrete gravity dam including fluid-structure 

interaction was performed by various stydies [25-29] using the coupling technic. In the 

present paper, the main objective is to present the three-dimensional nonlinear seismic 

response of Oued Fodda concrete gravity dam considering contact elements at dam-reservoir 

interaction interface using the finite element method. For illustrative purposes, a numerical 

investigation of the effect of hydrodynamic interaction and sliding of the water along the 

dam-reservoir interface is carried out. The hydrodynamic pressure of reservoir water is 

modeled using three-dimensional fluid finite elements based on Lagrangian approach. The 

Drucker-Prager model [30] is employed in the nonlinear analysis for concrete of dam body. 

The horizontal and vertical components of 1967 Koyna earthquake are utilized in analyses. 

Dam-reservoir contact interface is modeled with three-dimensional surface-to-surface 

contact elements based on the Coulomb’s friction, which can provide friction contact. The 

different numerical analyses are performed using ANSYS software [31]. 
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2. CONTACT MECHANICS 
 

Many contact problems involve deformations of the bodies that are in contact. To illustrate 

the contact concept, consider two solids in contact on parts of their border (Fig.1). That is to 

say {𝑛} the outbound norm on the surface of the one of solids in contact and {𝑢} the vector 

displacement between two solids. Then 𝑔 = 〈𝑢〉. {𝑛} is project displacement on this norm. 

From the data of the stress of Cauchy, one defines the pressure 𝑝 = 〈𝑛〉. [𝜎]. {𝑛} and the 

shearing stress tangential {𝜏} = [𝜎]. {𝑛} − 𝑝. {𝑛} as being exerted by one of surfaces on the 

other [32]. 

 

 
Figure 1. Contact mechanism of solid bodies

 
[32] 

 

The shear force has as a direction in the contact zone a vector {𝑡} located in the tangent 

plane ({𝑡1}, {𝑡2}) indicated on the Fig.1. The equation (1) defines the shearing stress 𝜏 

exerted by the solid 2 on the solid 1 per unit of contact surface. 

 
{𝜏} = [𝜎]. {𝑛} − (〈𝑛〉. [𝜎]. {𝑛}). {𝑛} = 𝜏. {𝑡} with 𝜏 = ‖{𝜏}‖ (1) 

 

We introduce two variables defining the contact: signed distance between the two 

surfaces or "gap" g and contact pressure P. The mathematical condition for non-penetration 

is stated as g ≥ 0 which precludes the penetration of solid 1 into solid 2. Contact takes place 

when g is equal to zero. In this case, the contact pressure p in the contact interface must be 

non-zero. If the bodies come into contact, g = 0 and 𝑃 < 0. If there is a gap between the 

bodies, g > 0 and 𝑃 = 0. This leads to the statements  

 

g ≥ 0;   𝑃 ≤ 0;   𝑃 g = 0 (2) 

 

which are known as Hertz-Signorini-Moreau conditions [15]. 

 

2.1 Friction model 

In the basic Coulomb friction model, two contacting surfaces can carry shear stresses up to a 

certain magnitude across their interface before they start sliding relative to each other. This 

state is known as sticking. The Coulomb friction model below [31] shown in Fig. 2 defines 

Solid 1 

Solid 2 

n 

t1 t1 
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an equivalent shear stress τ, at which sliding on the surface begins as a fraction of the 

contact pressure p. This stress is: 

 
𝜏 = 𝜇𝑝 + 𝑐 (3) 

 

where µ is the friction coefficient and 𝑐 specifies the contact cohesion. Once the shear stress 

is exceeded, the two surfaces will slide relative to each other. This state is known as sliding. 

The maximum contact friction stress can be introduced so that, regardless of the magnitude 

of normal contact pressure, sliding will occur if the friction stress reaches this value. At the 

contact interface, the connection behavior is divided into two kinematic states: 

If the shear stress is less than the maximum friction stress, no relative displacement takes 

place in the contact region. This is named sticking which can be described by the condition: 

 

𝜏𝑚𝑎𝑥 < 𝜇𝑝 + 𝑐 (4) 

 

Once the shear stress becomes higher than the maximum friction stress, the contact 

bodies move relative to each other. This is named sliding which can be formulated by: 

 

𝜏𝑚𝑎𝑥 ≥ 𝜇𝑝 + 𝑐 (5) 

 

 
Figure 2. Coulomb friction model [31] 

 

 

3. NUMERICAL MODEL  
 

3.1. Material properties 

Chosen dam is sited on Oued Fodda River and approximately 20 km of Oued Fodda City, 

Chlef, Algeria (Fig. 3). The reservoir is mainly used for irrigation purposes. The capacity of 

the dam is 125.5 hm3. The maximum height and base width of the dam are 101 m and 67.5 

m, respectively. The dam crest is 190 m in length and 5 m wide and the maximum height of 

the reservoir water is considered as 101 m. The reservoir width is 300 m. The transverse and 

longitudinal sections of the dam-reservoir coupled system are shown in Fig. 4.  

p 

𝜏𝑚𝑎𝑥 
Sliding 

 Sticking 

c 

 𝜇 

𝜏𝑙𝑖𝑚𝑖𝑡 

 1 
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Figure 3. Oued Fodda concrete gravity dam 

 

  
(a) Transverse section and dimensions    (b) Longitudinal section and dimensions 

Figure 4. Sections and dimensions of the Oued Fodda concrete gravity dam 

 

The material properties for both the dam and its water reservoir are given in Table 1. 

According to the Drucker-Prager model [30], the cohesion and the angle of internal friction 

of the dam body are assumed as to be 2.50 Mpa and 35°, respectively. In addition, the tensile 

strength and the compressive strength of the concrete of the dam are 1.6 MPa and 20 MPa, 

respectively. 

 
Table 1: Material properties of Oued Fodda concrete gravity dam and its water reservoir 

Material 

Material properties 

Modulus of elasticity 

(MPa) 

Poisson’s 

ratio 

Mass density 

(kg/m3) 

Dam (concrete) 24600 0.20 2640 

Reservoir water 2070 - 1000 

 

II 190 m 

1
0
1

 m
 

I 

III II III 

I 

III III 

0.675 

1 

0.1 

1 

Dam Water Reservoir 

67.5 m 

1
0
1

 m
 

300 m 

5 m 
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3.2 Three-dimensional finite element model of dam-reservoir system 

The formulation of the dam-reservoir interaction system is represented using the Lagrangian 

approach [33-36], which considers that the fluid is assumed linear-elastic, incompressible, 

inviscid, and irrotational [37]. 

The dam-resevoir interaction system is investigated using the three-dimensional finite 

element model shown in Fig. 5. A three-dimensional finite element model with 3400 solid 

finite elements (Solid45) is used to model Oued Fodda dam. Besides, a three-dimensional 

finite element model with 4760 fluid finite elements (Fluid80) is used to model the reservoir 

water. The fluid element (Fluid80) is used to model fluids contained within vessels having 

no net flow rate. The fluid element is particularly well suited for calculating hydrostatic 

pressures and fluid-solid interactions [31]. In addition, 340 contact-target element pairs are 

employed to model dam-reservoir interaction interface. 

 

 
(a) Upstream face of dam      (b) Dam in empty reservoir case 

 

 
c) Dam in full reservoir case 

Figure 5. Three-dimensional finite element model of dam-reservoir system 

Crest point 
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3.3 Modeling of dam-reservoir contact interface 

The seismic response of a concrete dam depends upon its contact interaction with the water 

reservoir. This interaction interface between the dam and reservoir of water is modeled by 

using contact elements. These elements can present the contact and sliding of the water 

along the dam-reservoir interface and provide the friction response by the properties of 

normal and tangential shear stiffness at contact interface. In this study, three-dimensional 

contact elements which represent the friction contact are established between the surfaces of 

volumes for three-dimensional system. Surface-to-sutface contact elements generated by 

ANSYS software [31] are chosen. These contact elements use a target surface (Targe170) 

and a contact surface (Conta174) to form a contact pair. In addition, ''no separation'' contact 

model is employed in this purpose which allows the sliding of contact surfaces. The 

Coulomb friction and contact friction stress are available in these elements. 

 

 

4. RESULTS AND DISCUSSION 
 

4.1 Nonlinear seismic response of Oued Fodda dam 

This study investigates the three-dimensional nonlinear seismic response of Oued Fodda 

concrete gravity dam considering contact elements at dam-reservoir interaction interface. 

For this purpose, the horizontal and vertical components of 1967 Koyna earthquake are 

utilized in analyses (Fig. 6). The horizontal component is applied along the river axis. The 

Drucker-Prager model [30] is used in the nonlinear analysis for concrete of the dam body. 

All numerical analyses are carried out using ANSYS [31]. The maximum horizontal 

displacements and principal stresses in upstream face along the different sections of the dam 

are presented for both empty and full reservoir cases. 

 

 
Figure 6. Acceleration records of 1967 Koyna earthqake: (a): Horizontal component and (b): 

Vertical component 

 

4.1.1 Horizontal displacements 

The maximum horizontal displacements in upstream face of the dam along the I-I and II-II 

sections are respectively presented in Figs. 7-8.  
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4.1.1.1 I-I Section  

The horizontal displacements of the dam in I-I section are presented in Fig. 7 for both empty 

and full reservoir cases. According to numerical analyses, the hydrodynamic pressure of 

reservoir water increases the horizontal displacements in upstream face along the dam crest. 

As seen in Fig. 7, the maximum displacements occur at middle of the dam and dam crest for 

both cases. However, the maximum horizontal displacements obtained from full reservoir 

case are higher than ones obtained from empty reservoir case. 

 

 
Figure 7. Maximum horizontal displacements in upstream face along the dam crest in I-I section 

 

4.1.1.2 II-II section 

The variation of horizontal displacements of the dam along its height in II-II section is 

shown in Fig. 8 for both empty and full reservoir cases. Numerical analyses illustrate that 

the horizontal displacements increase in upstream face along the dam central axis by the 

effect of hydrodynamic pressure of the reservoir water. It is observed that the maximum 

horizontal displacements appear at the dam crest point in full reservoir case. 

 

 
Figure 8. Maximum horizontal displacements in upstream face along the dam central axis in II-II 

section 
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Fig. 9 represents the maximum horizontal displacement contours of the dam under 

hydrodynamic pressure. It is clear that the maximum displacements occur at the middle 

region of the dam crest. 

 

 

(a) Upstream face of dam     (b) Dam-reservoir coupled system 

Figure 9. Maximum horizontal displacement contours of the dam under hydrodynamic pressure. 

 

Fig. 10 shows the time history of horizontal displacement at the dam crest (crest point) in 

upstream face for empty and full reservoir cases. The maximum horizontal displacements at 

this point are equal to 3.82 cm and 8.67 cm, respectively, for empty and full reservoir cases. 

Therefore, an increase of 127 % is observed between the results of the two cases. It is 

obvious that the horizontal displacements obtained from full reservoir case are higher than 

ones obtained from empty reservoir case due to the effect of hydrostatic and hydrodynamic 

pressure of the reservoir water. 

 

 
Figure 10. Time history of horizontal displacement at the dam crest in upstream face for empty 

and full resservoir cases 
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4.1.2 Principal stresses 

The maximum principal stresses in upstream face of the dam along the I-I, II-II and III-III 

sections are respectively shown in Figs. 11-13. 

 

4.1.2.1. I-I section  

The maximum principal stresses into the dam along the I-I section are presented in Fig. 11 

for both empty and full reservoir cases. Accoding to numerical analyses, the hydrodynamic 

pressure of reservoir water increases principal tensile and compressive stresses in upstream 

face along the dam crest. As seen in Fig. 11, the maximum principal stresses occur 

especially at the crest and extremity regions of the dam along the I-I section in full reservoir 

case. The maximum principal tensile stresses have a decreasing trend for the distance 

between 0 and 30 m, but they have an increasing trend for the distance between 30 and 95 

m. Besides, the maximum principal compressive stresses have a decreasing trend fot the 

distance between 0 and 20 m, but they have an increasing trend for the distance between 20 

m and 95 m. 

 

 
(a) Maximum principal tensile stresses   (b) Maximum principal compressive stresses 

Figure 11. Maximum principal stresses along the dam crest in I-I section 

 

4.1.2.2 II-II section 

The variation of maximum principal stresses into the dam along its height in II-II section is 

shown in Fig. 12 for both empty and full reservoir cases. Numerical analyses indicate that 

hydrodynamic pressure of reservoir water increase the maximum principal stresses in 

upstream face along the dam central axis. It is observed that the maximum principal 

compressive stresses occur at bottom of dam in full reservoir case. However, the principal 

compressive stresses become greater from a height of 60 m in empty reservoir case. In 

addition to this, the maximum principal tensile stresses appear at the dam crest in full 

reservoir case. 
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(a) Maximum principal tensile stresses    (b) Maximum principal compressive stresses 

Figure 12. Maximum principal stresses along the dam central axis in II-II section 

 

4.1.2.3 III-III section 

The maximum principal stresses into the dam along the III-III section are presented in Fig. 

13 for both empty and full reservoir cases. Numerical analyses show that the maximum 

principal stresses along the extremity axis of dam are obtained in full reservoir case. As seen 

in Fig, 13, the maximum principal compressive stresses occur by effect of hydrodynamic 

pressure at the height of 80 m from the base of the dam. In addition, the maximum principal 

tensile stresses under hydrodynamic pressure appear greater over 35 m of the dam.  
 

 
(a) Maximum principal tensile stresses     (b) Maximum principal compressive stresses 

Figure 3. Maximum principal stresses along the dam extremety axis in III-III section 

 

Fig. 14 represents the maximum principal tensile and compressive stresses contours of 

the dam under hydrodynamic pressure. It is observed that the maximum principal stresses 
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occur at the middle region of the dam crest, upper and lower parts along the symmetry 

central axis and upper extremity regions of the dam. 
 

 
(a) Maximum principal tensile stress contours (b) Maximum principal compressive stress contours 

Figure 14. Maximum principal stresses contours in upstream face of dam under hydrodynamic 

pressure 

 

Fig. 15 illustrates the time history of principal stresses at the dam crest in upstream face 

for empty and full reservoir cases. The maximum principal tensile and compressive stresses 

increase from 1.34 E3 kN/m2 and -7.71 E2 kN/m2 in empty reservoir case to 4.30 E3 kN/m2 

and -2.11 E3 kN/m2 in full reservoir case. Therefore, for full reservoir model, an increase of 

221 % and 174 % respectively, in the magnitude of maximum principal tensile and 

compressive stresses is noticed. It is obvious that the principal tensile and compressive 

stresses are greatly higher under the effect of hydrodynamic pressure.  

 

 
(a) Principal tensile stresseses     (b) Principal compressive stresses 

Figure 15. Time history of principal stresses at the dam crest in upstream face for empty and full 

resservoir cases 
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The maximum principal tensile strain contours of the dam under hydrodynamic pressure 

are presented in Fig. 16. It is seen that these strain contours occur where the maximum 

principal tensile stresses occurred. Fig. 17 illustrates the time history of maximum principal 

tensile strains at the dam crest in upstream face for full reservoir case. Howevere, the 

obtained values of maximum strains into the dam are lower than the admissible strains of the 

concrete [38-39]. 

 

 
Figure 16. Maximum principal tensile strain contours in upstream face of the dam under 

hydrodynamic pressure 
 

 
Figure 17. Time history of maximum principal tensile strains at the dam crest in upstream face 

for full reservoir case 
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5. CONCLUSIONS 
 

This study presents the three-dimensional nonlinear seismic response of Oued Fodda 

concrete gravity dam considering contact elements at dam-reservoir interaction interface. 

For this purpose, a numerical investigation of the effect of hydrodynamic interaction and 

sliding of the water along the dam-reservoir interface is performed. The Drucker-Prager 

model [30] is used in the nonlinear analysis for concrete of dam body. The hydrodynamic 

pressure of reservoir fluid is modeled using fluid finite elements based on Lagrangian 

approach. 

According to different numerical results performed in this study, we can draw the 

following conclusions: 

1. The hydrodynamic pressure of the reservoir water increases the horizontal displacements 

of the dam. The maximum horizontal displacements occur at the middle region of dam 

crest. 

2. The hydrodynamic pressure of the reservoir water increases the principal stresses in the 

dam body. The maximum principal tensile stresses have a decreasing trend for the 

distance between 0 and 30 m, but they have an increasing trend for the distance between 

30 and 95 m.  

3. The maximum principal tensile stresses occur at the middle region of the dam crest, 

upper and lower parts along the symmetry central axis and upper extremity regions of the 

dam. Hence it is expected to appear cracks in these parts causing damage in the dam. 

4. The hydrostatic and hydrodynamic pressure of the reservoir water should be taken into 

account in the numerical analyses to evaluate the critical response of the dam. 

5. The generated strains occurred in the acceptable intervals for the concrete employed in 

the dam body. 

The dam-reservoir interaction problem is a complex phenomenon. It depends upon the 

material pairing of the bodies constituting the contact region between the dam and water 

reservoir (contact interface). This description is adapted to the use of contact elements which 

can identify the parts to be analyzed for the interaction. Therefore, the contact elements 

should be taken into account in the modeling of the dam-reservoir interaction phenomenon 

to achieve more reliable results, due to the capacity of these elements to present the contact 

and sliding of the water along the dam-reservoir interface. 
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