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ABSTRACT: The static and seismic analysis of Janneh arch-gravity dam (157 m) is carried out by 

considering a combination of self-weight, hydrostatic, uplift and seismic loads. Linear and nonlinear 

analyses are performed for both static and seismic cases. Nonlinear behavior is studied by means of 

joint elements in the contact between the rock foundation and the dam following a bilinear cohesive 

law. The hydrodynamic effects derived to seismic loads are also considered. Hydrodynamic 

Westergaard’s approach is applied in the pseudo-static analysis, and the Westergaard’s generalized 

added mass is used for time-history case.  

 

1 Introduction 

Earthquakes are considered one of the main causes that activate mechanisms leading to dam 

failure (e.g Fujinuma Dam, which failed because of Tōhoku earthquake on March of 2011) or 

damage. 

 

Thereby, in the context of the theme B of the 14th ICOLD Benchmark Workshop on Numerical 

Analysis of Dams [1], the present work has the object of verifying the Janneh arch-gravity dam 

under a static and seismic load scenarios. Before performing both analyses, a simulation of the 

constructive phase is carried out with the aim of obtaining the residual stresses at this early 

stage. The nonlinear analysis is performed using joint elements allowing the joint opening in 

the contact area between dam body and foundation. The uplift pressure is also considered when 

nonlinear analysis is performed since the thickness of the dam is relatively high. Seismic 

analysis is performed through a dynamic analysis using a Newmark time integration scheme 

[2] and a viscous damping of 5%, and also a massless foundation [3]. Hydrodynamic effects 

are considered using the Westergaard’s approach in the pseudo-static analysis and the 

Westergaard’s generalized mass [4] for time-history analysis. 

 

An open source C++ FEM framework called Kratos Multiphysics [5] is used for solving the 

proposed problem. The pre and processing simulations are performed with GiD [6], which has 

been previously employed in the design [7] and analysis [8] of arch dams. The paper is 

organized as follows. First, the essential theory and formulation is introduced, including the 

activation process, interface elements used, time integration scheme and the formulation of 

hydrodynamic effects, and then the numerical model is described along with the most 

representative results. 
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2 Formulation 

2.1 Activation process 

The methodology for solving the constructive phase is based on a layer by layer activation 

process. The contribution of each layer is activated (and considered) according to the 

construction process. This is the initial state for assessing the stress state of the dam. During 

this process, only gravitational forces are considered – the thermal load is neglected.  

2.2 Joint elements 

Joint elements (or interface elements) are special elements that allow representing 

discontinuities in the displacement field. -They are versatile and suitable to simulate contact 

opening. They are designed to transmit both compressive and tensile stresses; the latter are 

governed by a cohesive constitutive law (Figure 1), which is very common in fracture 

mechanics [9]. One of the most important differences with respect to the standard finite 

elements is that the quantities of interest in the interface elements are computed in local 

coordinates, i.e. normal and tangential relative displacements need to be handled. Figure 1 

relates the normalized equivalent stress ςeq with the internal historical state variable ι, and shows 

that the evolution of the cohesive zone is an irreversible damage process. 

 

 

Figure 1: Bilinear cohesive law. 

 

This internal historical state variable characterizes the maximum strain level reached in the 

previous history of the material up to given time t: 

 

 
(1) 

 

In equation (1), ιy is the damage threshold (or yield strain), and εeq is the equivalent strain 

computed in local coordinates through the tangential and normal relative displacements:  

 

 
(2) 

 

with ϵc being the critical displacement, i.e. the relative displacement at which the cohesive zone 

stops transmitting forces. The normalized equivalent stress can be defined as: 

 

 
(3) 

 

where σy is the yield stress, i.e. the stress at which the cohesive zone starts damaging. When 

there is contact between the two faces of an interface, the equivalent strain is computed just 
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from the tangential relative displacements and the tangential stresses are defined like the shear 

strength of the Mohr-Coulomb criterion: 

 

 

(4) 

 

With this approach, damage threshold and yield stress govern the contact opening between dam 

body and foundation. A high value of yield stress represents a monolithic behavior at the contact 

area. 

2.3 Integration Scheme 

An implicit Newmark-beta time integration scheme is used [2]. Values of γ = 0.5 and β = 0.25 

have been chosen in order to achieve stability, leading to the constant average acceleration 

method [2]. Also, the selection of γ = 0.5 provides second order accuracy method. The 

linearization of the momentum equation using the displacements as the unknowns leads to the 

following linear equation: 

 

 (5) 

where 

 
(6) 

and 

 (7) 
  

γ and β are the  aforementioned parameters of the time integration scheme, ∆t is the time step, 

𝐾𝑡+∆𝑡
∗𝑖  corresponds to left hand side contribution composed by:  the stiffness matrix 𝐾𝑡 , the 

damping matrix 𝐶𝑡 and the mass matrix 𝑀𝑡, ∆𝑈𝑡+∆𝑡
𝑖+1  is the vector of incremental displacements, 

and 𝑅𝑡+∆𝑡
𝑖  is the right hand side contribution composed by: external forces 𝐹𝑡+∆𝑡

𝑒𝑥𝑡 , internal forces 

𝐹(𝑈𝑡+∆𝑡
𝑖−1 )𝑖𝑛𝑡, the contribution of vector velocities 𝐶𝑈̇𝑡+∆𝑡

𝑖−1  and accelerations 𝑀𝑈̈𝑡+∆𝑡
𝑖−1  at previous 

step. 

2.4 Hydrodynamic effects 

In a linear pseudo-static analysis, an extra hydrodynamic force is added to the model according 

to Westergaard’s approach. The hydrodynamic force follows the direction of the inertial forces, 

i.e. -when the inertial load is applied in the upstream direction, the hydrodynamic force also 

follows that direction, neutralizing the hydrostatic force. 

 

Regarding time-history analysis, Westergaard’s added mass is used for both linear and 

nonlinear analyses. It enables to represent the inertia of the fluid on the structure during 

earthquake. The Westergaard’s distribution (8) applied at each node is proportional to a surface 

density of mass computed as: 

 

 
(8) 

 

Where ρw is the fluid density, H the water depth, z0 the water surface elevation and z the 

elevation of the node under consideration. This contribution is added to the real mass of the 

dam increasing the total mass of the system. 
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3 Numerical model 

A mesh of linear tetrahedrons is used for both static and dynamic analyses, with a mean size of 

3 m for the dam body and 25 m for the foundation. The resultant mesh has 117K nodes and 

654K elements (Figure 2), almost 500K are concentrated in the dam body. 

 

 

Figure 2: Computational mesh. 

The material properties are presented in Table 1. In case of seismic analysis the bedrock is 

considered massless according to the problem statement. 

Table 1: Material Properties. 

Property Bedrock Dam Joint Units 

Density (ρ) 2.8e3 2.4e3 2.4e3 kg/m3 

Static Young’s modulus (E) 2.5e10 2.0e10 2.0e10 N/m2 

Dynamic Young’s modulus (E) 3.0e10 3.0e10 3.0e10 N/m2 

Poisson’s ratio (ν) 0.25 0.2 0.2 - 

Min. joint width (δmin) - - 3e-03 m 

Critical displacement (ϵc) - - 0.05 m 

Yield stress (σy) - - 3.0e8 - 2.0e10* N/m2 

Damage threshold (ιy) - - 0.35 - 

Friction coefficient (μ) - - 0.4 - 

 
* In self-weight, static and dynamic linear analysis, the value of yield stress is set to 2.0e10 N/m2 in order to 

prevent the joint opening and represent that the dam is attached to the foundation, while in nonlinear cases the 

value is set to 3.0e8 N/m2 allowing its opening. 

 

Seismic analyses are performed using the dynamic Young’s modulus. Table 2 shows the load 

combination for each scenario. 

Table 2: Load scenarios. 

Analysis Loads 

Self-weight  Gravitational force (G) 

Static Linear Hydrostatic force (H) 

Static Nonlinear Hydrostatic force + Uplift pressure (U) 

Pseudo-Static Nonlinear H + U + Inertial load + Hydrodynamic force   

Dynamic Linear H + Inertial load + Hydrodynamic Added mass 

Dynamic Nonlinear H + U + Inertial load + Hydrodynamic Added mass 
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4 Results 

4.1 Self-weight Analysis 

A layer by layer activation procedure is used to simulate the constructive process. The dam 

body is built in 16 stages, each of which activates a layer of 10 meters. Figure 3 shows the dam 

at two different stages. 

 

Figure 3: Constructive phase. Left: Stage 6 (60 m). Right: Stage 12 (120 m). 

The stress field after the constructive phase is used as an initial stress state for the remaining 

analyses, while the strains associated to the construction are neglected. Minimum principal 

stresses (compression) at the downstream and upstream face are presented in Figure 4. 
 

 

 Figure 4: Contour plots of principal compressive stresses after construction. Views from 

downstream (left) and upstream (right).  

4.2 Static Analysis 

Linear Analysis 

The water level of the reservoir is 149m (hydrostatic load) and the downstream water level is 

at the bedrock level. In order to ensure a monolithic behavior, a high value of yield stress 

(2.0e10 N/m2) is assigned to the joint element in this scenario. Displacement-X at blocks B0 

and B5 (Figure 5) are plotted versus the elevation in Figure 6. In the case of block B0 it 

coincides with radial displacements, with a maximum value of 1.8 cm at the top of the dam. 

 

 

Figure 5: Block numbering of Janneh dam. 
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Simplified Nonlinear Analysis 

In this scenario, the uplift pressure is considered and its effect on dam-foundation contact 

opening evaluated. Figure 6 shows the evolution of the displacement-X at B0 and B5 versus 

the elevation considering these assumptions (the value of yield stress is 3.0e8 N/m2). 

  

Figure 6: Displacement-X vs. elevation at Block B0 and B5. 

The results of the nonlinear analysis show an increment on the maximum displacements of 

around 12% with respect to the linear ones in the static case. The main cause of such increments 

is the inclusion of the uplift pressure as well as the influence of the joint opening.  

 

Figure 7 shows the evolution of the joint opening along the thickness of the dam at the center 

of block B0 and at the interface between block B3 and B5. The maximum values are 0.10 and 

0.18 mm respectively. This increment is due to the particular geometry of that zone. 

  

Figure 7: Joint Opening. Left: Contact opening vs. radius. Right: Section at center of B0 block 

and B3-B5 block. 

To obtain the acting forces at dam/foundation interfaces of blocks B0 and B5, the stress at each 

element is multiplied by its area to compute the elemental forces. Such force is transformed 

into global coordinates and all elemental contributions in the interface are accumulated. Finally, 

the total force in the interface is rotated to obtain the normal and tangential components at the 

plane of interest.  

4.3 Seismic Analysis 

An Eigenvalue problem must be solved to obtain the natural frequencies of the dam. The modal 

analysis is performed using the dynamic properties of the materials. In the computation of the 

fundamental frequencies, the influence of the reservoir is not included. It is well known that its 

consideration leads to smaller frequencies, increasing the natural period [10]. 

Table 3: Natural frequencies and periods. 

Mode ω (rad/s) Frequencies (Hz) Period (s) % Mass 

1 29.504 4.696 0.213 18.1 

2 38.948 6.199 0.161 1.1 
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Figure 8: Contour plots of the Displacement-X. Left: 1st mode. Right: 2nd mode. 

Non Linear pseudo-static analysis based on the site response spectrum 

The period for the first frequency is 0.213s and according to the site response spectrum 

acceleration for a 5% damping, the corresponding acceleration is 8.78m/s2. Hydrodynamic 

forces are computed using the Westergaard´s approach. Positive and negative acceleration are 

considered as well as the influence of the uplift pressure. Figure 9 presents a sketch of the 

applied forces. 
 

 

Figure 9: Load combinations for pseudo-static analysis Left: Upstream-Downstream 

direction. Right: Downstream-Upstream direction. 

The load combinations presented above are the most unfavorable ones according to the input 

acceleration. The use of Westergaard’s approach as an external load can lead to conservative 

results. Nonetheless, thanks to the pseudo-static analysis it is possible to obtain the maximum 

displacements rank. Figure 10 shows a comparison of displacement-X versus elevation at block 

B0 and B5 (S-L = Static Linear, S-NL = Static Nonlinear, PS-UPS-DW = Pseudo-static inertia 

upstream-downstream, PS-DW-UPS = Pseudo-static inertia downstream-upstream). 

  

Figure 10: Displacement-X vs. elevation at block B0 and B5. 

Table 4 presents the maximum displacement-X value reached in each simulation as well as the 

arch stress at level 737.0 of block B0. In the case of upstream direction a positive value of 

1.40MPa at level 737.0 is reached. Figure 11 shows the displacement-X field for both 

combinations.  
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Table 4: Nonlinear pseudo-static results. 

Inertial Load B0 Disp-X (mm) B5 Disp-X (mm) 
Arch Stress at B0 

737.0 level (MPa) 

Downstream 68.32 30.93 -3.88 

Upstream -40.04 -21.35 1.40 

 

 
Figure 11: Contour plots of the Displacement-X. Left: Downstream Inertia Load. Right: 

Upstream Inertia Load. 

Linear time-history analysis with simplified dynamic interactions 

A linear model is used at this stage, thus dam/foundation interface behavior is monolithic. The 

set of loads are: hydrostatic pressure, hydrodynamic pressure and a set of accelerograms in 

horizontal and vertical directions which are imposed as volume forces, representing the 

earthquake accelerations. The hydrodynamic contribution is considered via the generalized 

Westergaard’s added mass previously introduced.  

Nonlinear time-history analysis with simplified dynamic interactions 

A nonlinear analysis is performed through the usage of joint elements and the consideration of 

the uplift pressure (steady). The results are compared to linear time-history analysis with -and 

without hydrodynamic to highlight the influence of the reservoir in the structural response. 

Figure 12: Displacement-X at the top of block B0. 

 
Figure 13: Displacement-X at the top of block B5. 
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Figures 12 and 13 show the evolution of displacement-X at the top of blocks B0 and B5, 

respectively. The influence of the reservoir increases the maximum and minimum values 

throughout the simulation. The consideration of the added mass increases around 15% the 

maximum value of displacements. Nonlinear analysis shows an increment of maximum values 

of over 6% due to the influence of uplift pressure and the joint opening. It is important to note 

that the minimum values are smaller because the joint closes when the acceleration changes 

direction. Figures 14 and 15 shows the measured module of accelerations at the top of block 

B0 and B5 at center. Both simulations show that the accelerations are smaller due to the 

increment of mass. Nonetheless, such addition of mass does not change the structural behavior. 

Similar results are obtained in linear and nonlinear cases with added mass. 

 

Figure 14: Module of accelerations at center of block B0. 

Figure 15: Module of accelerations at center of block B5. 

 

Finally, the time history of arch stress at elevation 779.0 of block B0 is presented in Figure 16. 

The minimum value is reached when the maximum value of acceleration acts, -3.5MPa.  

Figure 16: Hoop Stress at block B0 at 779 m.a.s.l. 

 

In all time-history simulations it can be appreciated a delay between the input seismic load and 

its response due to the influence of the viscous damping of 5%. This effect is more remarkable 

when the added mass is used.  
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5 Conclusions 

A linear and nonlinear finite element static and dynamic analysis of a concrete arch-gravity dam 

has been performed with the following conclusions: 

 Results show the effect of the uplift pressure, which is relevant in the case study due to 

relatively high base thickness (67m). 

 The joint elements allow considering the opening of the dam-foundation contact, 

although calibration of their constitutive parameters is required. 

 The pseudo-static analysis provides useful information on dam behavior, though the 

range of displacements is over estimated. 

 The hydrodynamic effect considered through Westergaard’s added mass increases the 

maximum values of displacements in up to a 15%. The consideration of a compressible 

reservoir can lead to accurate results but, given the high stiffness of the dam, the 

expected variation is small. 

 The results confirm that the increment of dam thickness is adequate to improve dam 

response to earthquakes.  

 

In the authors’ opinion, the numerical tools used in the present work can be effectively used to 

predict and analyse the nonlinear response of dams to seismic loads. However, calibration of 

the model parameters is necessary to obtain more reliable results in quantitative terms.  
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