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Abstract: This paper presents a study on the seismic behaviour of large arch dams under 

strong earthquakes. The numerical simulations are carried out using DamDySSA, a 3D 

finite element program developed for dynamic analysis of concrete dams, which includes 

calculation modules for linear seismic analysis and for non-linear seismic analysis, 

considering the effects of joint movements and tensile and compressive damage in 

concrete. The case studies are the 132 m-high Cabril dam, in Portugal, and the 170 m-

high Cahora Bassa dam, in Mozambique. The seismic response results computed using 

linear and non-linear models are compared, in order to investigate the influence of the 

joint movements on the structural response, and to analyse the resulting concrete damage 

under a strong seismic load. Overall, there was a release of arch stresses in the upper 

part of both dams, due to the opening of the vertical joints, and consequently an increase 

of vertical stresses along the main cantilevers, causing concrete tensile failure. 

Furthermore, this study emphasized the potential of the developed numerical methods and 

thus of DamDySSA for predicting the non-linear seismic behaviour of arch dams.  
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1. INTRODUCTION 

Large concrete dams are civil engineering structures that play a key role in the management of 

freshwater resources. Usually, these are structures associated with a high potential risk, since 

incidents or accidents can result in significant losses for populations and the environment [1]. 

As such, dam engineers should work towards achieving the best operational and overall safety 

conditions for large concrete dams. With that goal, the structural safety of dams must be 

ensured from the construction phase to the end of the useful life, for any scenarios involving 

static and dynamic loads, namely under seismic actions. In addition, the seismic hazard has 

been recognized as a multi-hazard [2], given that strong earthquakes can induce not only 

significant ground motion and thus high amplitude vibrations in the dam, but also movements 

along faults or discontinuities in the footprint of the dam or of the reservoir, mass movements 

in the surrounding areas or into the reservoir. 

This is a particularly relevant subject in dam engineering, considering that many of the large 

concrete dams currently in operation, some of which were built several decades ago and 

present deterioration problems, are located in seismic zones, and that there is a great number 

of dams currently under construction or at the planning stages in high seismicity regions [3]. 

Therefore, besides investing in the permanent monitoring of dam structural health based on 

vibrations measured under ambient/operational excitations, e.g., using damage detection 

methods, it is fundamental to monitor dam behaviour before, during, and after earthquake 

events, namely by comparing the measured seismic response with the response calculated 

using numerical models, as well as to perform seismic behaviour prediction studies for 

evaluating common service scenarios and/or failure scenarios, in particular for seismic safety 

assessment under strong earthquakes [4]. In this context, it is worth emphasizing the need to 

develop efficient, advanced numerical models to enable a realistic prediction of the linear and 

non-linear seismic response of large concrete dams. 

In this work, the finite element program DamDySSA, developed for dynamic analysis of 

concrete dams, is presented, and the implemented methods for linear and non-linear seismic 

analysis are described. Then, seismic analysis results are presented for two large arch dams, 

namely Cabril dam (132 m high) and Cahora Bassa dam (170 m high). For both dams, a 

comparison is made between linear and non-linear seismic response, in order to investigate 

the influence of joint movements on the principal stresses and to evaluate the resulting 

concrete damage under a strong, intensifying earthquake. 

2. DYNAMIC MODELLING OF DAM-RESERVOIR-FOUNDATION SYSTEMS 

Large concrete dams are structures of considerable size, usually with a unique and complex 

geometry. These dams have several discontinuities, including construction joints or cracks 

that may arise due to design flaws, evolutive deterioration, or strong earthquakes. 

Furthermore, the dynamic behaviour of dams is strongly influenced by dynamic interaction 

phenomena [5], namely dam-water and dam-foundation interaction. As such, for dynamic 

behaviour modelling, it is necessary to use models of the complete dam-reservoir-foundation 

system, considering the specific features of the dam and the dynamic interaction effects. 

Regarding dam-reservoir dynamic interaction, there are the classic added water mass models, 
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using displacement-based formulations for the dam/foundation and assuming the reservoir 

mass effect based on the solution proposed by Westergaard [6], and the coupled models, using 

finite element formulations for the dam-reservoir-foundation system and considering dam-

water interaction and reservoir pressure wave propagation [7]. As for foundation behaviour, 

there is the massless foundation approach [8], assuming the dam is supported by a deformable 

foundation block with a rigid boundary at the base, and the energy dissipating models, 

considering the foundation mass to simulate wave propagation and radiation effects [9,10]. 

In what concerns the seismic behaviour of arch dams, for low intensity earthquakes, usually 

recorded on dams [11,12], the numerical simulations can be carried out assuming linear-

elastic behaviour for concrete and considering that joints in the dam body remain closed. 

However, under high intensity earthquakes, vibrations of greater amplitude are expected, and 

important deformations may occur, resulting in the opening of the vertical contraction joints 

[13,14], and, simultaneously, in the occurrence of high tensions and compressions, which can 

cause tensile and compressive concrete damage [15,16]. So, the numerical models used to 

predict the non-linear seismic response of arch dams should allow to simulate both the effects 

due to the opening/closing and sliding joint movements and the behaviour of concrete up to 

failure under tension and compression [17], as in the program presented in this paper. 

 3. FINITE ELEMENT PROGRAM FOR DYNAMIC ANALYSIS OF CONCRETE 

DAMS: DAMDYSSA 

The numerical simulations are carried out in this work using DamDySSA, a 3D finite element 

program developed in LNEC for dynamic analysis of concrete dam-reservoir-foundation 

systems and optimized for studying arch dams (Figure 1). The latest version of the program 

includes calculation modules for modal analysis, linear seismic analysis, and non-linear 

seismic analysis [17]. The adopted coupled model of the dam-reservoir-foundation system 

and the implemented numerical methods for seismic response analysis are described next. 

 

 

Figure 1. DamDySSA: a finite element program for dynamic analysis of concrete dams.  
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3.1. Coupled model. Dynamic behaviour of the dam-reservoir-foundation system 

A coupled model is considered for simulating the dynamic behaviour of the dam-reservoir-

foundation system [7,18]. The model is based on a finite element formulation in 

displacements (dam and foundation) and hydrodynamic pressures (reservoir). Specific 

boundary conditions are prescribed at the main interfaces of the solid-fluid system, in order to 

consider dam-water dynamic interaction, the propagation of pressure waves in the reservoir, 

and the reservoir free surface effect. Generalized damping is assumed, with natural viscous 

damping in the solid domain and energy dissipation due to radiation in the reservoir domain. 

The finite element equation of the discretized dam-reservoir-foundation system is defined as 

 
T

m 0 u u uc 0 k Q

p p p0 R 0 HQ S

s

ww

F

F

       −     
+ + =            

             

  (1) 

where u = u(t)  is the displacements vector for the dam-foundation domain (three degrees of 

freedom for each node) and p = p(t)  is the hydrodynamic pressures vector for the reservoir 

domain (single pressure value for each nodal point). The mass, damping and stiffness matrices 

for the dam-foundation domain are m , c  and k , while the corresponding terms for the 

reservoir domain are given by S , R  and H . The coupling matrix for water-structure motion 

coupling is Q . 

The nodal force vectors in the solid and fluid domain are represented by ( )s sF F t=  and 

( )w wF F t= , respectively; for example, the forces in the dam may include the dam self-weight, 

the hydrostatic pressure on the upstream face, and forces due to dynamic loads. For seismic 

analysis, and omitting other excitation sources, the nodal force vectors become ms SF s a= −  

and 
T

Qw w SF s a= − , where ( )S Sa a t=  represents the seismic input, with three acceleration 

time histories in the upstream-downstream, cross-valley, and vertical directions, and s  is a 

matrix to uniformly distribute the seismic accelerations by all degrees of freedom. 

The substructure method is used to model the foundation block as an elastic and massless 

substructure, considering equivalent stiffness and damping components incorporated in the 

dam-rock interface. Consequently, the seismic input is uniform ground motion, applied 

directly at the dam base. 

A true coupled approach is adopted for solving the coupled dynamic problem, without 

separating the solid and fluid domain equations [17]. Thus, the discrete dynamic equation of 

the dam-reservoir-foundation system with generalized damping is simply written  

 
u

M q C q K q , q q( )
p

F t
 

+ + = = =  
 

  (2) 

where M , C  and K  are the global mass, damping and stiffness matrices, ( )F F t=  is the 

global nodal force vector, and q q( )t=  is the coupled unknown vector. 

In DamDySSA, the dam-reservoir-foundation system is discretized using solid hexahedral 

finite elements with 20 nodes; these are isoparametric elements with 2nd degree interpolation 

functions, which are integrated using 27 Gauss points. The main discontinuities, e.g., dam-
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foundation interface, vertical contraction joints, and cracks, are discretized using compatible 

interface elements with 16 nodes, considering 9 integration Gauss points (Figure 2). 

 

 

 

Figure 2. Discretized dam-reservoir-foundation system and used finite elements. 

3.2 Time-stepping method for linear seismic analysis 

The linear dynamic response of the dam-reservoir-foundation system is calculated using a 

time-stepping method based on the Newmark method. This formulation directly solves the 

coupled dynamic equation in time domain, which is defined at each time step t+Δt as 

 
t+ t t+ t t+ t t+ tM q C q K q F   + + =   (3) 

For seismic analysis, in addition to the static forces due to self-weight and hydrostatic 

pressures, the nodal force vector 
t+ tF 

 includes the inertia terms induced by the seismic load 

in the dam 
,t+ t ,t+ tms SF s a = −  and in the reservoir 

T

,t+ t ,t+ tQw w SF s a = − . 

The implemented time-stepping formulation follows the fundamentals of the original 

Newmark method, where the solutions for displacements and velocities are obtained from 

Taylor series expansions, while the accelerations are assumed to vary linearly within each 

time step. Application of the same principles to the coupled formulation enables the definition 

of approximate solutions for the coupled unknown q q( )t=  and the respective velocities 

q q( )t= , as follows 

 

2 2

t+ t t t t t+ t

t+ t t t t+ t

1
q q t q t ( )q t q

2

q q t (1 )q t q

 

 

 

 

= + + − +

= + − +

  (4) 

where   and   are Newmark parameters that give the weighting contributions of the coupled 

accelerations at the beginning and at the end of the time interval in 
t+ tq 

 and 
t+ tq 

. 

Considering the problem expressed in terms of the coupled unknown t+ tq  , and gathering 

terms on the left and right sides of the equation (3), results in the definition of the equivalent 

Reservoir 

Fluid finite elements 

(1 degree of freedom) 

Interfaces, joints, cracks, etc. 

Compatible interface elements 

3D cubic elements with 20 nodal points 

and 27 Gauss points 

3D interface elements with 16 nodal 

points and 9 Gauss points 

Dam and foundation 
Displacement finite elements 

(3 degrees of freedom) 
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‘’stiffness’’ matrix and force vector 

 
( ) ( )

*

0 1

*

t+ t t+ t 0 t 2 tt 3 t 1 t 4 t 5 t

K M C K

P M q q q C q q qF

 

      

= + +

= + + + + + +
  (5) 

where 
i  are auxiliary constants defined by Newmark. Finally, the equivalent coupled 

dynamic equation of the discretized dam-reservoir-foundation system is given by 

 * *

t+ t t+ tK q P =   (6) 

which is solved at each time step t+Δt to get the response in displacements and pressures. 

3.3 Time-stepping stress-transfer method for non-linear seismic analysis 

The non-linear seismic response of the arch dam-reservoir-foundation system is computed 

using a non-linear time-stepping stress-transfer method. Essentially, this method combines the 

previous time-stepping formulation with a non-linear iterative procedure to simulate non-

linear dam behaviour within each time step, using constitutive models for opening/closing and 

sliding joint movements and for tensile and compressive concrete damage. 

The non-linear dam behaviour is reproduced based on the Modified Newton’s iterative 

method [19], also referred to as stress-transfer or initial-stress method: the linear-elastic dam 

stiffness matrix is computed a priori and used throughout the entire non-linear dynamic 

calculation process; simultaneously, the loads are increased by applying fictitious forces on 

the dam, to reproduce the unbalanced stresses redistribution process that occurs due to non-

linear behaviour. Therefore, a vector of unbalanced nodal forces   is introduced, and the 

non-linear coupled dynamic equation of the dam-reservoir-foundation system becomes 

 M q C q K q F+ + = +   (7) 

Following the time-stepping procedure based on the Newmark method described in 3.2, the 

non-linear dynamic equation is defined at each time step t+Δt as 

 t+ t t+ t t+ t t+ t t+ tM q C q K q F    + + = +   (8) 

and it can be simply expressed using the equivalent form 

 * *

t+ t t+ t t+ tK q P  = +   (9) 

The equivalent global stiffness and nodal force vector are the same as in eq. (5), while t+ t  

is the vector containing the unbalanced forces computed in the stress-transfer process. 

Stress-transfer process 

The stress-transfer iterative process is conducted within each time step t+Δt. This process 

leads to the calculation of the referred unbalanced nodal forces t+Δt , which result from the 

sum of the partial terms calculated in each iteration n, t+Δt n =  . In practice, for 

simulating non-linear dam behaviour, the stress-transfer process is divided into two iterative 
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sub-processes, which are performed consecutively: the first, to simulate the effects due to 

joint movements, and the second, to model the concrete behaviour up to failure. Therefore, 

the partial unbalanced forces in every iteration n are given by 

 
0

J C

n

n

 + 
 =  

 
  (10) 

where 
J  and 

C  are the nodal forces associated with the unbalanced stresses due to joint 

and concrete non-linear behaviour, respectively. The unbalanced stresses are computed as the 

difference between the installed stresses and the material strength, based on the constitutive 

models described next. 

Constitutive model for non-linear joint behaviour 

The non-linear behaviour of joints is simulated using a constitutive model based on the Mohr-

Coulomb failure criterion, assuming that joints cannot develop high tensile stresses, and 

considering appropriate normal and shear stress-displacement laws for opening/closing and 

sliding movements [13, 14] (Figure 3). 

The joint material elastic properties are the normal stiffness 
NK  and shear stiffness 

TK , and 

the strength properties are the cohesion c  and friction angle  . In order to evaluate the 

admissibility of the stress state in a generic point of the joint surface, given by 

 
T

1 2 N   = , it is convenient to consider the normal stress 
N  and an equivalent 

positive shear stress value 
2 2

1 2  = + , for comparison with the joint material strength. 

Based on the Mohr Coulomb criterion, the tensile strength 
tf  and the shear strength 

tf  are 

 

( )

( )

( )N

2cos
.
1 sin

.tan

t

R

f c

c





  

=
+

= +

  (11) 

As seen in the above expressions, the joints resist to opening and sliding movements by 

friction and cohesion. The resistance to shear forces is also influenced by the normal stress.  

 
a) b) c) 

 Figure 3. Model used to simulate non-linear joint behaviour (with cohesion): (a) Mohr-Coulomb 

failure criterion; (b) shear stress-relative displacement law; and (c) normal stress-relative displacement law. 
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Concrete damage model 

The non-linear behaviour of concrete up to failure is simulated using a 3D isotropic 

constitutive damage model with strain-softening, considering damage under both tension and 

compression [20,21]. This is a complete model that enables to reproduce crack formation and 

propagation under tension, and it can also cope with 3D confinement under compression; 

there are two fundamental features for non-linear analysis of concrete dams, namely under 

strong earthquakes, since high tensions and compressions may occur.  

For a 3D problem, and assuming the internal isotropic damage is defined by the damage 

variable d, the non-linear constitutive relation is established as (1 )d = − , where D =   

is the effective stress tensor. Since the implemented model simulates the non-linear concrete 

behaviour with strain-softening under both tension and compression, which involve dissimilar 

features, two independent scalar damage variables are used to characterize the internal 

damage state, namely: d+, for damage under tension, and d-, for damage under compression 

[21]. Additionally, the effective stress tensor   is decomposed into the tensile and 

compressive effective stress tensors,  +  and  − , which are represented in the space of the 

principal stresses and directions. Therefore, the non-linear constitutive law of the described 

damage model is simply written as  

 (1 ) (1 )d d  + + − −= − + −   (12) 

where the damage variables are always 0d +   and 0d −  , in order to properly represent the 

irreversible nature of material deterioration; the evolution of the concrete deterioration 

process is simulated based on specific damage evolution laws, and controlled using 

appropriate damage criteria [20,21]. The implemented constitutive law enables the calculation 

of the true stress tensor   at any material point, knowing the tensile and compressive 

components of the effective stress tensor and the damage variables that characterize the 

internal damage state. Examples of stress-strain diagrams obtained with this constitutive 

damage law are presented in Figure 4 for uniaxial tension and compression, where 
0f
+  and 

0f
−  indicate the maximum admissible tension and compression for linear elastic behaviour, 

while 
tf  and 

cf  are the peak tensile and compressive stresses. 

 

 

Figure 4. Constitutive damage model with two independent damage variables for concrete: stress-strain 

diagrams for uniaxial tension and compression.  
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4. CASE STUDY 1: CABRIL DAM, PORTUGAL 

4.1. Dam description 

Cabril dam is a 132 m high double curvature arch dam, with a 290 m long crest (Figure 5). 

This is the highest dam in Portugal, and it has been in operation since 1954 on the Zêzere 

River. The maximum thickness is of 20 m at the base, and the minimum is of 4.5 m, at an 

elevation around 7 m below the crest. The dam is built on a granite mass rock foundation of 

good quality. During the first filing of the reservoir, horizontal cracks appeared in the upper 

part of the dam, around el. 280 m to el. 290 m: according to several computational studies, 

this occurred due to structural effects associated with the larger thickness of the dam crest; 

nevertheless, multiple analyses showed the cracks do not affect dam performance [22]. 

 

 

Figure 5. Cabril dam, Portugal. Aerial view and technical drawings.  

4.2. Finite element model and load combination 

The finite element simulations for Cabril dam were carried out using the model of the dam-

reservoir-foundation system presented in Figure 6. The discretization was defined in order to 

have three elements in thickness in the dam body. The dam concrete and foundation rock are 

isotropic materials, considering Young’s modulus E = 25 GPa and Poisson’s ratio v = 0.2. The 

water in the reservoir is a compressible fluid with a pressure wave propagation velocity 

cw = 1440 m/s (mean reservoir water temperature around 15ºC). The adopted material 

properties have been validated in previous studies, based on experimental results from 

vibrations monitoring data [22]. 

For linear seismic analysis, a version of the model without joints is used and linear-elastic 
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behaviour of concrete is considered. On the other hand, for non-linear seismic analysis [17], 

all vertical contraction joints are incorporated into the model, considering appropriate normal 

and shear stiffness values, null cohesion and a 30º friction angle. The existing cracking band 

in the dam is considered in a simplified way by introducing a single horizontal crack, using 

interface elements at el. 285 m; higher stiffness values are considered, to limit the crack 

opening movements (expected scenario for higher reservoir water levels). The non-linear 

behaviour of concrete up to failure is simulated using a strain-softening constitutive damage 

law, assuming tensile strength 3 MPatf =  and compressive strength 30 MPacf = − . 

 

 

Joints Concrete constitutive law 

Figure 6. Model of the dam-reservoir-foundation system used for seismic analysis of Cabril dam. 

Material properties, dam mesh with joints, concrete constitutive law. 

The applied load combination (Figure 7) includes the self-weight of the dam (SW), the 

hydrostatic pressure for full reservoir (HP297), and a seismic load applied in the upstream-

downstream direction (SEISMICL). For this study, the seismic input is an artificial intensifying 

acceleration time history, designed for Endurance Time Analysis (ETA) and provided in [23], 

with peak accelerations increasing up to 1g in 10 s. 

Dam 

E = 25 GPa;   = 0.2;   γ = 24 kN/m3 

Foundation 

E = 25 GPa;   = 0.2 

Reservoir 
cw = 1500 m/s;   γ = 10 kN/m3 

 

 

Damping: ξ = 1% (α = 0.1; β = 0.0015) 

Damping: ξ ≈ 10%  

Vertical contraction joints 
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c = 0 
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Horizontal crack 
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Load combination: SW + HP297 + SEISMICL  

 

Figure 7. Load combination for seismic analysis of Cabril dam and seismic input. 

4.3. Linear and non-linear seismic response  

The seismic response of Cabril dam under the load combination SW + HP297 + SEISMICL is 

analysed next. The seismic calculations were performed up to 6 seconds of the intensifying 

acceleration time history, which gives a peak ground acceleration of approximately 0.55g. 

The results computed in the linear analysis are compared with those calculated using the non-

linear model, considering joint movements and concrete damage. The comparative study is 

focused on time instants in which the dam experiences important deformations in the 

upstream direction, in order to evaluate the influence of the joint movements in the structural 

response (when the dam moves towards downstream, it is mainly under compressive stresses 

and the vertical joints close). 

Starting with the linear seismic response (Figure 8), in the captured instant the maximum 

displacements (≈ 75 mm) are computed at the crest of the central cantilevers. As for the 

corresponding principal stresses fields, the higher arch tensions (8MPa) arise at the top of the 

central cantilevers, on the upstream face. Important tensions also occur at the base of the 

shorter lateral cantilevers (4 MPa), on the upstream surface, and at the upper part of the lateral 

cantilevers (from 3 and 4.9 MPa), near the downstream face. 

As for the non-linear seismic response (Figure 9), when the dam moves in the upstream 

direction the vertical contraction joints tend to open. In this case, the larger upstream 

displacements are now calculated along the top of the taller cantilevers of dam, particularly at 

the top of the lateral cantilevers (163.9 mm), where the larger joint opening (≈ 10 mm) and 

sliding (≈ 20 mm) movements occur. 

Regarding the non-linear stresses, it is possible to see that the opening/sliding of the vertical 

contraction joints resulted in a reduction of the arch effect, and therefore in a release of the 

arch tensions along the upper part of the dam; this prevented the occurrence of concrete 

tensile damage. The stress redistribution process that followed led to an increase of the 

vertical stresses, both of vertical compressions at the upstream face and of tensions at the 

downstream face. However, the vertical tensions were released due to non-linear concrete 

behaviour under tension, as tensile damage progressed, namely along the upper half of the 

Self-weight 

Hydrostatic pressure 

(full reservoir) 

Seismic load 

(upstream-downstream) 
 

Seismic input: intensifying acceleration time history (ETA) 
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taller cantilevers and over the entire height of shorter cantilevers, on the downstream face. 

High tensile damage values also occurred near the upstream base, along the insertion. In 

several zones the tensile damage values reached the maximum damage value (d+=100%), 

indicating that concrete failure has occurred. Nevertheless, in the conducted seismic 

simulation there was no compressive damage. 

 

 
Linear seismic response - SW + HP297 + SEISMICL (ap ≈ 0.55g) 

Instant of maximum upstream displacement  

 

 

Figure 8. Linear seismic response of Cabril dam for SW+HP297+SEISMICL. Deformed shapes and 

principal stresses (upstream and downstream view). 
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≈ 4.9 MPa 

≈ 8 MPa 

≈ 4 MPa 
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Non-linear seismic response - SW + HP297 + SEISMICL (ap ≈ 0.55g) 
Instant of maximum upstream displacement  

 

 

Tensile damage d+ 

Figure 9. Non-linear seismic response of Cabril dam for SW+HP297+SEISMICL. Deformed shapes, 

principal stresses (upstream and downstream view), and tensile damage. 
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5. CASE STUDY 2: CAHORA BASSA DAM, MOZAMBIQUE 

5.1. Dam description 

Cahora Bassa dam is a thin double curvature arch structure, with a maximum height of 170 m 

and a crest length of 303 m (Figure 10). The thickness of the central section goes from 23 m 

at the base, to around 4 m at the crest, which presents a unique half-hollow geometry. Cahora 

Bassa dam entered in operation in 1974 on the Zambezi River, in western Mozambique, and it 

is one of the largest dams in Africa. A concrete swelling phenomenon was detected in Cahora 

Bassa dam in the 1980s, which is evidenced by a typical cracking pattern that can be seen at 

the crest. This dam was constructed on a gneissic granite rock mass of very good quality. 

 

 

Figure 10. Cahora Bassa dam, Mozambique. Aerial view and technical drawings.  

5.2. Finite element model and load combination 

The numerical calculations were performed using the model of the Cahora Bassa dam-

reservoir-foundation system in Figure 11, with three elements in thickness in the dam body 

(the half-hollow crest shape and the geometry of the spillways are simulated in a simplified 

way). The dam concrete and the foundation rock materials are assumed to be isotropic 

materials, using Young’s modulus E = 40 GPa and Poisson’s ratio v = 0.2, while the reservoir 

water is considered a compressible fluid with a pressure wave propagation velocity 

cw = 1500 m/s (considering the mean reservoir water temperature at 25ºC). The material 

properties have been calibrated in previous studies using dynamic experimental data [22]. 

Length = 303 m  

Height = 170 m  
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The linear seismic calculation was conducted using a version of the model without joints and 

assuming linear-elastic concrete behaviour. The non-linear seismic simulation was carried out 

using the model with all vertical contraction joints and considering a constitutive damage law 

to simulate the behaviour of concrete up to failure under tension and compression [17]. 

 

 

Joints Concrete constitutive law 

Figure 11. Model of the dam-reservoir-foundation system used for seismic analysis of Cahora Bassa 

dam. Material properties, dam mesh with joints, concrete constitutive law. 

As in the previous case study, the load combination (Figure 12) includes the dam self-weight 

(SW), the hydrostatic pressure for a full reservoir-condition (HP331), and the intensifying 

seismic action applied in the upstream-downstream direction (SEISMICL). 

5.3 Linear and non-linear seismic response 

The seismic behaviour of Cahora Bassa under a strong earthquake is analysed next, 

considering the load combination SW + HP331 + SEISMICL. The seismic simulation was 

conducted up to 6 seconds of the acceleration time history, which corresponds to a peak 

ground acceleration of about 0.55g. The results from linear seismic response and non-linear 
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seismic response are compared, with emphasis on the deformed shapes and principal stresses 

for the time instants in which the dam moves towards upstream, with a view to analyse the 

structural effects due to the joint movements and the resulting concrete tensile damage.  

 
Load combination: SW + HP331 + SEISMICL  

 

Figure 12. Load combination for seismic analysis of Cahora Bassa dam and seismic input. 

Starting with the linear seismic response (Figure 13), the maximum displacements (≈ 97 mm) 

are computed at the crest of the lateral cantilevers, located halfway between the central 

section and the abutments. Regarding the fields of principal stresses, very high arch tensions, 

between 15 to 20 MPa, arise in the central upper part of the dam, around the surface spillway, 

at the downstream face, and near the crest of the lateral cantilevers, at the upstream face. 

In what concerns the non-linear seismic response (Figure 14), as the dam moves towards 

upstream the vertical contraction joints open, resulting in an increase of the maximum 

displacements at the top of the lateral cantilevers (117.5 mm), where the larger joint openings 

occur (≈13 mm). In the captured instant, the global displacement amplitude in the upstream-

downstream direction between the central cantilevers, which move towards downstream, and 

the lateral cantilevers, which move in the upstream direction, is far greater in the non-linear 

model (≈ 210 mm) than in the linear model (≈ 120 mm). 

As for the non-linear stresses, the results show that the opening of the vertical contraction 

joints led to a reduction of the arch effect, and thus to a release of the arch tensions along the 

top of the dam; as seen in the previous case study, this avoided the occurrence of tensile 

damage along the upper blocks. The subsequent stress redistribution caused an increase of the 

vertical compressions at upstream face and of the vertical tensions at the downstream face. 

These vertical tensions were released as tensile damage expanded along the upper half of 

most of the dam cantilevers (downstream face). Tensile damage also occurred at the upper 

part of the upstream face of several lateral cantilevers, and along the upstream base, caused by 

tensions oriented in the normal direction to the insertion (which arise when the dam moves 

towards downstream). Moreover, due to the dam asymmetry, tensile damage is also noticeable 

at the top of the left-most cantilever, near the abutment, due to high arch tensions. Finally, it 

is worth highlighting there was no compressive damage in Cahora Bassa dam. 
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Linear seismic response - SW + HP331 + SEISMICL (ap ≈ 0.55g) 
Instant of maximum upstream displacement  

 

 

Figure 13. Linear seismic response of Cahora Bassa dam for +HP331+SEISMICL. Deformed shapes and 

principal stresses (upstream and downstream view). 

6. CONCLUSIONS 

This paper was focused on numerical modelling the seismic behaviour of arch dams under 

strong earthquakes. The finite element program DamDySSA, developed for dynamic 

analysis of concrete dams, was presented. Emphasis was given to the implemented 

numerical methods, based on a couped approach to solve the dynamic equation of the dam-

reservoir-foundation system, including: (i) a time-stepping method for linear seismic 

analysis; and (ii) a combined time-stepping and stress-transfer method for non-linear seismic 

analysis, using a joint constitutive model to simulate opening/closing and sliding movements 

and a constitutive damage model to reproduce damage under tension and compression. 
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Non-linear seismic response - SW + HP297 + SEISMICL (ap ≈ 0.55g) 
Instant of maximum upstream displacement  

 

 

Tensile damage d+ 

Figure 14. Non-linear seismic response of Cahora Bassa dam for SW+HP331+SEISMICL. Deformed 

shapes, principal stresses (upstream and downstream view), and tensile damage. 
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The program was used for seismic response analysis of two double curvature arch dams, 

namely the 132-m high Cabril dam (Portugal), and the 170 m-high Cahora Bassa dam 

(Mozambique), considering a load combination including the dam self-weight, the hydrostatic 

pressure (full reservoir), and a seismic action represented by an intensifying acceleration time 

history. The linear and non-linear seismic response results (for peak ground acceleration up to 

around 0.55g) were compared to investigate the effects of the joint movements on the dam 

structural behaviour: overall, the study of these two arch dams demonstrated that the opening 

of the vertical contraction joints resulted in a release of arch tensile stresses at the top of the 

dam, and thus in an increase of vertical stresses along the height of the cantilevers. The 

resulting vertical tensions ended up surpassing concrete tensile strength in multiple 

locations, hence causing high concrete tensile damage. 

This work enabled to show the potential of the implemented methods and thus of 

DamDySSA for conducting behaviour prediction studies of arch dams, including linear and 

non-linear seismic analysis.  only for linear seismic analysis, but also for non-linear 

seismic analysis. Furthermore, since the non-linear model enables to combine the effects 

due to joint movements and the tensile and compressive concrete damage, this program 

can be of great value for supporting seismic design and safety assessment of large arch dams.  
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