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Abstract

:

The seismic safety assessment of large concrete dams remains a significant challenge in dam engineering, as it requires appropriate analysis methods, modern performance criteria, and advanced numerical models to simulate the dam seismic behavior. This paper presents a method for seismic safety assessment of arch dams based on Endurance Time Analysis (ETA), using tensile and compressive damage results from a robust formulation for seismic analysis considering joint opening/sliding and concrete non-linear behavior (finite element program DamDySSA, under development in LNEC). The seismic performance is evaluated by controlling the evolution of the damage state of the dam, according to predefined performance criteria, to estimate acceleration endurance limits for tensile and compressive damage. These acceleration limits are compared, respectively, with the peak ground accelerations prescribed for the Operating Basis Earthquake (OBE) and Safety Evaluation Earthquake (SEE), aiming to evaluate the dam seismic performance relative to both earthquake levels efficiently, using a single intensifying acceleration time history. The ETA-based method is applied to the cases of Cabril Dam (132 m-high) and Cahora Bassa Dam (170 m-high), confirming its usefulness for future seismic safety studies, while the potential of DamDySSA for non-linear seismic analysis of arch dams is highlighted.
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1. Introduction


1.1. Framework and Motivation


Large concrete dams are civil engineering structures with significant social, environmental, and economic impact. In fact, dams play a key role in the proper management of freshwater resources, namely for water supply, flood control, soil irrigation, and energy production, and they have become vital to populations and societies [1,2], not only due to the global increase in water demand, but also because of climate change [3]. Most dams are structures of high potential risk, since incidents or accidents may result in significant losses for populations and the environment [4]. For these reasons, dam engineers must ensure the best operational conditions and the structural safety of dams in normal service conditions and during exceptional events, under both static and dynamic loads.



In this context, emphasis should be given to the fact that many of the major concrete dams in operation or under construction are located in regions of high seismicity [5], and strong earthquakes can cause unacceptable joint openings or significant concrete damage that may require service interruption or even compromise structural integrity, among other incidents [6,7,8,9]; for example, in China, one of the regions with the highest seismic activity in the world, sophisticated experimental and numerical studies were carried out to support the design of new ultra-high concrete dams [10,11,12,13]. On the other hand, most of the older dams were built many decades ago, and thus designed using unreliable seismic analysis methods and outdated performance criteria. As such, the need to reassess the seismic safety of older dams based on modern practices has been identified; for example, in Switzerland, the seismic safety reassessment of all 208 large dams according to modern standards was required and carried out based on current approaches [14].



Therefore, appropriate methodologies and models should be developed to analyze the dynamic response of dams in normal operating conditions, aiming to control structural integrity over time and to evaluate the structural safety under seismic loads. The permanent structural health monitoring of dams can be conducted based on ambient/operational vibration analysis methods, to detect modal parameter variations that can be correlated with loss of stiffness, while the response during seismic events can be monitored, e.g., by controlling quantities of interest or by comparing the measured acceleration time histories with the response predicted using numerical models [15,16,17]. For seismic safety assessment of dams, the performance under strong earthquakes should be evaluated based on reliable methods of analysis and on modern performance criteria [8,9], using advanced models to simulate the dynamic response of dam–reservoir–foundation systems, with the possibility of modeling non-linear structural behavior, and using suitable seismic inputs, which are essentially models of earthquake ground motion [18,19].




1.2. Objetives and Contributions


Dam safety assessment, namely under seismic loads, has become a fundamental component to ensure the overall safety of large concrete dams [9], with a view to meet the increasingly demanding requirements in terms of structural safety, and then to respond to the main concerns of dam owners and entities responsible for dam safety control [20,21,22]. To contribute at the level of the methodologies for seismic safety assessment of concrete dams, the main objective of this paper is to present a method based on Endurance Time Analysis (ETA), using tensile and compressive damage results from sophisticated non-linear seismic simulations with joint movements and concrete deterioration.



Although ETA-based procedures have already been used by other researchers for evaluating the dynamic capacity of dams under intensifying earthquakes [23,24,25,26,27,28,29], the innovation presented in this work resides in the adopted approach for evaluating the seismic performance of the dam: essentially, this is conducted by controlling the evolution of the damage state of the dam, considering suitable performance criteria, in order to estimate acceleration endurance limits associated with both tensile and compressive damage. Additionally, using a single intensifying acceleration time history, the proposed approach enables an efficient evaluation of the seismic performance of the dam in relation to the earthquake levels required in current guidelines [20,21,22], namely by comparing the endurance limits for tensile and compressive damage with the peak ground accelerations prescribed for the Operating Basis Earthquake (OBE) and the Safety Evaluation Earthquake (SEE) of the dam site.



Another innovation achieved is the way the non-linear seismic response of arch dams is simulated, using the finite element program DamDySSA. This program, under development in LNEC for several years, includes a robust coupled formulation for non-linear seismic analysis of dam–reservoir–foundation systems, simultaneously considering (a) the structural effects due to the opening/sliding joint movements, using a non-linear joint model, and (b) the tensile and compressive damage in concrete, based on an isotropic constitutive damage model with two independent damage variables and softening.



The ETA-based method is applied to the cases of Cabril Dam (132 m-high) and Cahora Bassa Dam (170 m-high). Overall, high acceleration endurance limits associated with tensile damage and compressive damage were determined for both dams, allowing to show their good seismic performance.





2. On the Seismic Safety of Concrete Dams


Although significant developments have been achieved in this field, seismic capacity assessment must be carried out based on sensitive analyses of results and engineering judgement [28,30,31,32], with a view to meet the requirements and the performance criteria defined in the guidelines of the International Commission on Large Dams (ICOLD) and in the regulations of each country. This section presents an overview on several topics of interest for seismic safety of concrete dams.



2.1. Models for Non-Linear Dynamic Analysis of Dam–Reservoir-Foundation Systems


Large concrete dams are usually structures with unique and complex geometry, particularly in the case of arch dams, and they may have different types of discontinuities, including construction joints or concrete cracking. Furthermore, the dynamic behavior of dams is strongly influenced by the interaction with the reservoir and the foundation [33,34]. Therefore, for simulating the dynamic behavior of concrete dams it is essential to develop robust models of dam–reservoir–foundation systems (Figure 1), considering the specific features of the dam structure and multiple dynamic effects, such as dam–water interaction, pressure wave propagation in the reservoir domain, dam–foundation interaction, the behavior of the rock mass, and damping mechanisms, including viscous damping in the dam and radiation damping in the reservoir and foundation; these are factors that can have a significant influence in the overall seismic behavior of the dam [18,19].



To simulate the reservoir and dam–reservoir dynamic interaction, there is the classic added water mass model, using a displacement-based formulation for the dam and foundation and considering the reservoir mass effect based on the solution proposed by Westergaard [35]. Although simple and efficient, this model neglects water compressibility and hydrodynamic effects on curved and flexible dams [36,37], and the added mass effect is overestimated for arch dams [19]. Therefore, a better solution is to use a coupled model based on a finite element formulation for simulating the behavior of the solid (dam and foundation) and fluid (reservoir) domains [38]. In this case, it is common to consider a formulation in dispalcements for the solid, and in hydrodynamic pressures or in velocity potentials for the fluid, considering proper boundary conditions to simulate dam motion–water pressure coupling and the reservoir pressure wave propagation with radiation at the far-end boundary [38,39,40]. A coupled formulation in displacements and pressures was implemented in the finite element program DamDySSA.



Regarding the foundation behavior, the massless models hypothesize a deformable foundation block with a rigid boundary at the base, neglecting the wave propagation effects and radiation damping [41]. For massless models, the substructure method is usually employed to compute an elastic and massless substructure foundation block, considering an equivalent stiffness matrix condensed at the dam–rock interface [41,42]; the seismic input can be applied as uniform or spatially variable ground motion [43,44]. Alternatively, energy dissipating models consider the foundation mass and enable the simulation of wave propagation and radiation effects in the rock mass [34,45,46]. The seismic input can be obtained using equivalent force schemes, to generate the ground motion at the dam–foundation surface [47,48], or by performing deconvolution analysis and then using compression/shear waves propagating from the foundation base [40,45]. Neglecting the foundation inertia and damping can result in an overestimation of stresses in the dam body [45,49,50,51], if no additional damping source is considered. However, for substructure massless models, a damping matrix proportional to the foundation stiffness matrix can be introduced at the dam–rock interface, as considered in DamDySSA.



With regard to the seismic behavior of arch dams, under low intensity earthquakes, commonly measured on dams, low-amplitude movements are expected, and thus the numerical simulations can be carried out assuming linear-elastic behavior for concrete and considering that joints in the dam body remain closed [15,52,53,54]. On the other hand, under high intensity earthquakes, vibrations of greater amplitude and hence larger deformations may occur, resulting in the opening of the vertical contraction joints [55,56], and, at the same time, in high tensile and/or compressive stresses that might cause concrete cracking or crushing [57,58]. Therefore, for non-linear seismic analysis of arch dams, appropriate constitutive models should be used in order to simulate both the structural effects due to joint movements and the nonlinear behavior of concrete up to failure under tension and compression [59,60,61,62,63]. In DamDySSA, a robust formulation is implemented for non-linear seismic analysis, considering a non-linear joint model, to simulate opening/closing and sliding movements, and an isotropic constitutive damage model with softening and two independent damage variables for tension and compression.
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Figure 1. Representation of an arch dam–reservoir-foundation system. Possible interaction effects for non-linear dynamic analysis. 
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2.2. Ground Motion


For non-linear seismic analysis, carried out using time domain procedures, the seismic input is defined by means of acceleration time histories. Preferably, the earthquake ground motion should be represented by real accelerograms, recorded for site conditions similar to those of the dam to be analyzed [64]. Nevertheless, currently available records of strong earthquakes are not enough to cover the range of possible conditions, meaning that artificial acceleration time histories are needed [20]. Ideally, these accelerograms should be obtained based on the design ground motion parameters from specific seismic hazard studies conducted for the site of the dam to be analyzed.



Suitable acceleration time histories for dynamic response analysis can be generated from response spectra [65], considering specific features of the horizontal and vertical components and spatial variation effects (Figure 2a). Several methods have been developed for generating realistic seismic acceleration time histories, including the classic stochastic stationary procedure implemented in the computer program SIMQKE [66], the so-called Stochastic Method developed by Boore [67], the stochastic fault rupture and seismic wave propagation model developed by Carvalho [68], and the method for generating non-uniform ground motion using transfer functions proposed by Alves [47]. A different approach that has been gaining popularity in dam engineering is to consider endurance time excitation functions (ETEFs), developed by Estekanchi [69] and later optimized [70,71], which enable the generation of artificial intensifying acceleration time histories (Figure 2b) for ETA-based procedures.



Generated acceleration time histories, especially from ETEFs, may be quite different from acceleration records of real earthquakes, as they are models of the seismic load. Even so, by applying appropriate methods of analysis, the use of generated accelerograms as the seismic inputs in advanced numerical models of dam–reservoir–foundation systems will lead to a safe seismic design and to an adequate seismic safety assessment, which is essentially the main goal [72].
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Figure 2. Seismic acceleration time histories: (a) design spectrum compatible generated acceleration time history; (b) intensifying dynamic excitation produced based on an ETEF. 
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2.3. Methods of Analysis


The studies for seismic safety assessment of dams are usually conducted by performing multiple time history seismic analyses, using appropriate acceleration time histories, to simulate both common service scenarios and failure scenarios. The seismic response analyses can be carried out using one or multiple (with distinct frequency content) generated accelerograms, which are scaled to obtain seismic loads with various peak ground accelerations, corresponding to weaker or stronger ground motions. This methodology is according to the principals of Incremental Dynamic Analysis [73], and it has allowed researchers to obtain valuable results and draw assertive conclusions on the seismic capacity of large concrete dams; several application examples can be found in studies for gravity dams [61,74] and arch dams [75,76]. The obvious disadvantage is the need to conduct multiple calculations for different seismic excitation levels, resulting in longer calculation times to investigate different scenarios, particularly if non-linear analyses are required.



Another approach that has been used more frequently over the past decade is to evaluate the seismic capacity of concrete dams based on ETA [23,24,25,26,27,28,29], which is essentially a seismic analysis pushover procedure for seismic performance assessment under a pre-designed intensifying dynamic excitation. The aim of ETA is to subject the dam to dynamic vibrations from a low excitation level, where the structural response is within the linear domain, to medium excitation level, as structural non-linearities start to occur, and finally to a high excitation level, ultimately causing dam failure. Therefore, the evaluation of the seismic performance of the dam is performed in a single time history analysis, by controlling the response in multiple time steps along the process, considering one or several engineering demand parameters [24,29]. The ETA-based approach enables a good assessment of the seismic capacity of dams, and it is also highly efficient when compared to the traditional approach, as it significantly reduces computational demands. ETA procedures may also be of great use, e.g., for dynamic shape optimization [28].




2.4. Seismic Design and Performance Criteria


The general guidelines for seismic analysis, design and safety assessment are documented in bulletins [20] from the Committee on Seismic Aspects of Dam Design of ICOLD, as well as in the specific regulations of the National Commissions on Large Dams of its various member countries. In what concerns methods of analysis, it is possible to adopt simplified evaluation procedures based on linear seismic analysis for seismic performance evaluation. However, according to modern performance criteria, structural non-linearities are acceptable to a certain extent under severe earthquake levels. Thus, in current practice, non-linear seismic analysis procedures are considered, enabling researchers to investigate the non-linear structural behavior of dams towards collapse. With respect to the selection of seismic parameters for large dams [20], there are two main levels to be considered for seismic design and safety assessment: the Operating Basis Earthquake (OBE) and the Safety Evaluation Earthquake (SEE).



The OBE is the earthquake that may be expected to occur during the lifetime of the dam, with a minimum return period of 145 years (probability of occurrence of about 50% during a service life of 100 years). The OBE indicates an earthquake level under which significant damage or loss of service must not occur. The seismic performance criteria for the OBE can be verified based on linear-elastic dynamic analyses, by evaluating stresses and deformations, or through rigid body sliding and overturning stability analysis. For example, these types of verifications were conducted for the case of Luzzone Dam, in the scope of an ICOLD International Benchmark Workshop [77,78].



The SEE is the governing earthquake event for seismic design and safety assessment of the dam and safety-relevant components. The SEE can be taken as the Maximum Credible Earthquake (MCE), which is expected to induce the largest ground motion at the dam site, considering the seismic history and seismotectonic setup in the dam region, or as the Maximum Design Earthquake (MDE), with a return period of 10,000 years, using suitable ground motion parameters. Under the SEE, structural damage is acceptable to a certain extent, however the dam must resist without (a) structural integrity being compromised or (b) uncontrolled release of the reservoir, to avoid flooding in the downstream region. The performance criteria assessment under the SEE requires non-linear dynamic analysis methods, in order to investigate the main failure modes. For example, for arch dams, these failure modes include concrete crushing in key areas, under high compressive arch stresses, leading to the loss of bearing capacity in the arch direction, and the local sliding or overturning stability of blocks at the crest, due to large movements in the upstream direction; required modeling results may include inelastic deformations and joint movements, stresses, and tensile and compressive damages.





3. ETA-Based Method for Seismic Safety Assessment of Arch Dams


This paper presents a methodology for seismic safety assessment of arch dams based on ETA, using tensile and compressive damage results obtained in non-linear seismic simulations that consider the effects due to joint opening/sliding movements and the concrete non-linear behavior (see Section 4 about the program DamDySSA). The proposed approach for evaluating the seismic performance of the dam consists in an intuitive analysis, carried out by controlling the evolution of the damage state of the dam, considering appropriate performance criteria.



The main goal is to determine two endurance limits, one associated with tensile damage (t+; ad+) and the other with compressive damage (t−; ad−), which correspond to the duration or the respective acceleration level of an intensifying seismic load that the dam can withstand without presenting unacceptable levels of damage. In practice, the endurance limits are determined for two excitation levels, ad+ and ad−, which correspond to the maximum acceleration values of the intensifying seismic action that originate acceptable damage states according to specific criteria defined for tensile, and compressive damage, respectively. In this way, it is expected for concrete cracking under tensions to become excessive after ad+ (repair interventions required), and for compressive damages to increase until concrete crushing occurs in key areas of the dam after ad− (collapse scenario).



The adopted performance criteria are related to the extent of concrete damage on the dam body, with a view towards meeting the requirements defined for large dams under the OBE and the SEE in the current seismic design and safety guidelines [20]. Essentially, in terms of tensile damage, the occurrence of concrete cracking in significant areas of the upstream and/or downstream surfaces of the dam is considered unacceptable, particularly if there is cracking propagation across the thickness of the cantilevers, since this damage state could affect the structural integrity of the dam and require repair interventions—this scenario would not meet the dam safety requirements for the OBE. As for compressive damage, the occurrence of concrete crushing caused by compressive damage in key areas of the dam, e.g., in the upper blocks of the main cantilevers, is considered unacceptable, namely if there is propagation within these blocks, as this scenario could ultimately result in collapse and hence in an uncontrolled release of water from the reservoir—this would not comply with the dam safety requirements under SEE levels.



Finally, with the proposed approach, the seismic performance of the dam in relation to both earthquake levels is efficiently evaluated based on a single time history analysis, by comparing the acceleration limits for tensile and compressive damage with the peak ground accelerations prescribed for the Operating Basis Earthquake (OBE) and the Safety Evaluation Earthquake (SEE) of the dam site. In summary, the structural safety of the dam under seismic loads is ensured for the OBE, if aOBE < ad+, and for the SEE, if aSEE < ad−.



The application of this method includes essentially three phases (Figure 3), namely:




	
Phase 1: Development of the 3D finite element model of the dam–reservoir–foundation system and generation the intensifying seismic load.



	
Phase 2: Perform the non-linear seismic calculations and output the non-linear response results in multiple time steps (response time histories, deformed shapes with joint movements, principal stresses fields, tensile and compressive damage).



	
Phase 3: Estimation of the performance endurance limits and comparison with reference ground motion parameters (OBE and SEE) for the seismic safety assessment.
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Figure 3. Schematic representation of the proposed methodology for seismic safety assessment of dams based on ETA. 
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4. Used Finite Element Program (DamDySSA)


DamDySSA is a 3D finite element program for dynamic analysis of concrete dam–reservoir–foundation systems. Several years in development in LNEC, the latest version of the program includes calculation modules for modal analysis, linear seismic analysis, and non-linear seismic analysis [62]. Figure 4 shows the graphical user interface designed for the program in MATLAB. The coupled finite element formulation and the numerical method for non-linear seismic analysis are summarized in the following sub-sections.



4.1. Dynamic Behavior of the Dam–Reservoir-Foundation System: Finite Element Formulation


The dynamic behavior of the dam–reservoir–foundation system is simulated based on a coupled model in displacements (dam–foundation) and in hydrodynamic pressures (reservoir) [38]. Specific boundary conditions are prescribed at the main interfaces of the solid-fluid system, to consider dam–water dynamic interaction, the propagation of pressure waves in water with radiation at the far end of the reservoir, and the reservoir free surface effect [79]. In DamDySSA, a true coupled approach is adopted to solve the dynamic problem without separating the solid and fluid domain equations [62]. Therefore, the finite element equation of the dam–reservoir–foundation system is simply written


   M ¯     q ˜ ¨  +  C ¯     q ˜ ˙  +  K ¯     q ˜  =  F ˜    ,      q ˜  =       u ˜       p ˜        



(1)




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. These coupled variables are defined as follows


   M ¯  =        m ¯       0 ¯         ρ w     Q ¯   T       S ¯        ;    C ¯  =        c ¯       0 ¯         0 ¯       R ¯        ;    K ¯  =        k ¯      −    Q ¯         0 ¯       H ¯        ;    F ˜  =         F ˜  s          F ˜  w         



(2)




where    u ˜  =  u ˜  ( t )   is the displacements vector for the dam nodes (three degrees of freedom for each node), while   p = p ( t )   is the hydrodynamic pressures vector for the reservoir nodes (each with a single pressure degree of freedom). The mass, damping and stiffness matrices are    m ¯   ,    c ¯    and    k ¯   , for the solid domain, and    S ¯   ,    R ¯    and    H ¯   , for the fluid domain; the coupling matrix for water pressure–structure motion coupling is    Q ¯   . The nodal force vectors in the solid and fluid domain are     F ˜  s  =   F ˜  s  ( t )   and     F ˜  w  =   F ˜  w  ( t )  , respectively; the forces in the dam may include the dam self-weight, the hydrostatic pressure on the upstream face, and the dynamic loads. Generalized damping is assumed, with natural viscous damping calculated element by element in the solid domain and energy dissipation due to radiation in the reservoir domain. The substructure method [41] 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 applied directly at the dam base, assuming uniform ground motion.



In this program, the dam–reservoir-foundation system is discretized using solid hexahedral finite elements with 20 nodes; these are isoparametric elements, and integration is achieved with 2nd degree interpolation functions and 27 Gauss points. The main discontinuities, e.g., dam–foundation interface, joints, or cracks, are discretized using compatible interface elements with 16 nodes and 9 integration Gauss points (Figure 5).




4.2. Non-Linear Time-Stepping Method for Non-Linear Seismic Analysis


The non-linear seismic response of the dam–reservoir–foundation system is calculated using a non-linear time-stepping method, considering both the structural effects due to the joint movements and the nonlinear behavior of concrete with softening under tension and compression [62]. The implemented method combines a time-stepping formulation, based on the application of the principles of the Newmark method [80], to the coupled dynamic problem, and a stress-transfer iterative method [81] to simulate non-linear dam behavior within each time step t+Δt. The goal is to solve the coupled dynamic equation in time domain


   M ¯       q ˜ ¨     t +  Δ t   +  C ¯       q ˜ ˙     t +  Δ t   +  K ¯      q ˜    t +  Δ t   =   F ˜    t +  Δ t   +   Ψ ˜    t +  Δ t    



(3)




where   Ψ ˜   is the vector of unbalanced forces, which is introduced in the problem to reproduce the stress redistribution process that takes place as structural non-linear behavior progresses.



In DamDySSA, the stress-transfer iterative process is conducted in each time step t+Δt, being divided into two iterative sub-processes: the first, to simulate the effects due to joint movements, and the second, to model the concrete behavior up to failure under tension and compression [62]. Therefore, the unbalanced forces that arise in the iterative process are associated with the unbalanced stresses due to joint and concrete non-linear behavior. The unbalanced stresses are computed as the difference between the installed stresses and the material strength, considering the following constitutive models (Figure 6). The non-linear joint behavior is simulated using a constitutive model based on the Mohr–Coulomb failure criterion (Figure 6a), with or without cohesion, and considering appropriate normal/shear stress-displacement laws to account for opening/closing and sliding movements [55,56], and (ii) the concrete behavior up to failure is reproduced using a 3D isotropic damage model with strain-softening and two independent scalar damage variables, d+ for damage under tension and d− for damage under compression [82,83] (Figure 6b).





5. Results: Seismic Safety Assessment of Arch Dams


The ETA-based methodology presented in Section 3 is applied to evaluate the seismic performance of two large arch dams, namely the 132 m-high Cabril Dam (Portugal) and the 170 m-high Cahora Bassa Dam (Mozambique), and the non-linear seismic simulations are conducted using the program DamDySSA. Performance endurance limits associated with the evolution of tensile damage and compressive damage are determined and compared with peak ground accelerations for the OBE and the SEE. This section presents the case studies and the main results of this work.



5.1. Case Study I: Cabril Dam (130 m-High)


5.1.1. Dam Description and Finite Element Mesh


The first case study is the iconic Cabril Dam (Figure 7), the highest dam in Portugal and an essential part of the country’s infrastructure, in operation since 1954. Cabril Dam is a 132 m-high double curvature arch dam, with a 290 m-long crest; this dam was designed with a unique geometry, as seen in the central cantilever, where the cross-section thickness varies between a maximum of 20 m, near the dam base, and a minimum of 4.5 m, about 7 m below the crest, increasing again to 7 m at the crest level. The dam was constructed on a good quality granite rock mass, and it impounds a reservoir with an area of around 20 million m2 and an effective storage of about 615 million m3. The reservoir level usually ranges from a minimum at el. 265 m to the normal level (NWL) at el. 295 m.



Located in the center of Portugal, Cabril Dam is integrated in a national region of high seismic risk, close to some active intraplate faults. A seismic risk study has not been conducted at the dam site as of yet, so there are no reference peak ground acceleration values for the OBE and the SEE. Nevertheless, a seismic hazard analysis was conducted for a site not very far from Cabril Dam, to the north-northwest, for which peak ground accelerations of 0.06 g (OBE) and 0.14 g (MDE) were prescribed [75]. Since Cabril Dam is in an area of higher seismic risk, similar or higher earthquake ground motion may be expected. Thus, peak ground accelerations of 0.1 g (OBE) and 0.2 g (MDE) have been assumed as reference for the seismic behavior studies to be conducted for Cabril Dam [62], in order to meet the recommendations of the Portuguese Standards for dam design [84].



Figure 8 shows the latest finite element mesh of the Cabril dam–reservoir–foundation system (with three elements in thickness in the dam body) and the main material properties. The dam concrete and foundation rock are assumed as isotropic materials, with Young’s modulus E = 25 GPa and Poisson’s ratio v = 0.2, while the water in the reservoir is considered a compressible fluid with a pressure wave propagation velocity cw = 1440 m/s. These material properties have been validated based on experimental results from vibration monitoring data under ambient/operational conditions and during seismic events [15,16,17]. For non-linear seismic analysis, all vertical contraction joints were incorporated into the dam mesh, using appropriate normal and shear stiffness values, null cohesion, and a 30° friction angle. The concrete constitutive damage law was adopted for all dam elements, with tensile strength ft = 3 MPa and compressive strength fc = −30 MPa.




5.1.2. Non-Linear Seismic Analysis and Seismic Safety Assessment


For seismic safety assessment, the non-linear seismic behavior of Cabril Dam is simulated considering a dynamic load combination that includes the dam self-weight (SW), the hydrostatic pressure for full reservoir (HP132), and a seismic load (SeismicL) consisting of an acceleration time history designed for ETA, with accelerations increasing to about 1.5 g in 15 s (Figure 9). The non-linear response results show, when the seismic forces push the dam towards upstream, significant upstream displacements along the upper blocks and relative movements between the surfaces of the cantilevers. Furthermore, the opening of the vertical contraction joints causes a release of the arch tensions at the top of the dam, which prevents the occurrence of tensile damage. However, the subsequent stress redistribution process that takes place leads to an increase in vertical stresses along the height of the cantilevers, with vertical tensions that end up surpassing the concrete strength, causing concrete damage.



The evolution of the tensile and compressive damages obtained in the non-linear simulations under intensifying seismic accelerations is presented in Figure 10, aiming to make an overall assessment of the seismic performance of Cabril Dam and estimate the endurance limits according to the established performance criteria (recall Section 3).



Until t = 5 s, there is a gradual progression of tensile damage, and tensile failure ultimately occurs in several blocks along the upper part of the downstream face of the dam, and near the dam base, on the upstream side. Nevertheless, concrete cracking is mostly superficial and so this tensile damage state is considered acceptable. After that, between t = 5 s (a ≈ 0.5 g) and t = 6 s (a ≈ 0.6 g), there is an important increase in tensile damage at both upstream and downstream faces, with concrete cracking covering a significant part of the upper half of the dam, and already propagating from upstream to downstream in several blocks. This scenario could affect the structural integrity of the dam and thus require the interruption of normal operating conditions for repairs, hence failing to meet the performance criterion defined in the proposed method for the OBE excitation level. Accordingly, the endurance limit for tensile damage (t = 5 s) corresponds to an acceleration of 0.5 g, which is five times the value assumed as the OBE peak ground acceleration (0.1 g) at the dam site.
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Figure 10. Seismic safety assessment of Cabril Dam: evolution of tensile and compressive damage for increasing acceleration levels. 
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As for the compressive damage evolution, it is worth emphasizing that compressive damage began to arise only after t = 11 s (a ≈ 1.1 g), while the first occurrence of concrete compressive failure is reported at the top of the central cantilever, only after the dam was subjected to peak ground accelerations of about 1.3 g. Since the adopted performance criterion for compressive damage is based on the non-occurrence of concrete crushing with propagation across the blocks in key areas of the dam, which could induce collapse and uncontrolled release of water from the reservoir, the compressive endurance limit is at least 1.3 g, 6.5 times more than the peak ground acceleration considered for the MDE (0.2 g) for Cabril Dam, thus demonstrating its impressive resistant capacity.





5.2. Case Study II: Cahora Bassa Dam (170 m-High)


5.2.1. Dam Description and Finite Element Mesh


The second case study is the Cahora Bassa Dam (Figure 11), located on the Zambezi River, near Songo, in western Mozambique. Built from 1969 to 1974, it is one of the highest dams in the African continent. Cahora Bassa is a thin 170 m-high double curvature arch dam, with a 303 m-long arch at the crest, which presents a unique half-hollow shape. The thickness of the central cantilever ranges from a maximum of 23 m at the dam base, to about 4 m at the crest level. In addition, the dam has one control surface spillway and eight half-height spillways. The dam was constructed on a gneissic granite rock mass of very good quality, and it impounds Lake Cahora Bassa, which is 270 km long and 30 km wide at is widest point. The reservoir level does not usually present significant changes, varying between about el. 326 m and el. 320 m.



Cahora Bassa Dam is located in an earthquake hazard area, not far from the East African Rift system, which extends from the Red Sea to the Indic Ocean, across Mozambique, an active continental rift that is responsible for most earthquake events in Eastern Africa. According to a study on the seismic behavior of the dam [76], for seismic safety assessment the recommendations of the Portuguese Standards for dam design [84] can be followed. As such, the OBE and the MDE excitation levels must be considered for the evaluation of both regular and failure scenarios; the peak ground accelerations values to be used are those determined in the seismic hazard evaluation conducted for the Cahora Bassa Dam area [76], of 0.076 g (OBE) and 0.102 g (MDE).
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Figure 11. Case study II: Cahora Bassa Dam. Location and seismic hazard zones. Upstream, cross-section and plan views. Variation of the reservoir level over time. 
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The most recent finite element mesh of the Cahora Bassa dam–reservoir–foundation system is presented in Figure 12. The dam mesh, with three elements in thickness, replicates the real dam geometry quite well; still, in this version, the half-hollow crest shape and the geometry of the spillways are represented in a simplified way. The dam concrete and the foundation rock are considered to be isotropic materials, using Young’s modulus E = 40 GPa and Poisson’s ratio v = 0.2, while the reservoir water is simulated as a compressible fluid with a pressure wave propagation velocity cw = 1500 m/s. All material properties have been calibrated using dynamic experimental data, including modal parameters estimated from measured vibrations and seismic response results [15,16,17]. In order to simulate the non-linear structural response, vertical contraction joints were introduced in the dam body, considering calibrated stiffness values, null cohesion, and a 30° friction angle; the non-linear behavior of concrete is reproduced using the constitutive damage law with tensile strength ft = 3 MPa and compressive strength fc = −30 MPa for all dam elements.




5.2.2. Non-Linear Seismic Analysis and Seismic Safety Assessment


In order to conduct the seismic safety evaluation of Cahora Bassa Dam, the non-linear seismic response (Figure 13) is computed for a load combination including the dam self-weight (SW), the hydrostatic pressure for full reservoir (HP170), and a seismic load (SeismicL) represented by the acceleration time history designed for ETA. The obtained non-linear response results enable us to see that, when the larger dynamic motions are in the upstream direction, the lateral cantilevers move towards upstream while the central cantilevers move in the opposite direction. In terms of structural effects due to the joint movements, similarly to the previous case study, the opening of the vertical contraction joints cause a reduction of the arch effect, and thus the arch tensions along the top of the dam are released, hence avoiding tensile damage at the upper blocks. However, the subsequent stress redistribution originates an increase in vertical stresses along the height of the dam cantilevers, and vertical tensions become greater than concrete tensile strength.



Lastly, the seismic safety assessment of Cahora Bassa Dam and the determination of performance endurance limits under the intensifying seismic excitation is conducted based on the evolution of the tensile and compressive damage (Figure 14), taking into account the established performance criteria (see Section 3).



The tensile damage evolution up to t = 5 s (a ≈ 0.5 g) shows that superficial concrete failure occurs near the upstream base and along the upper half of the downstream face of the dam. Since there is no sign of concrete cracking propagating across the thickness of the cantilevers, the resulting tensile damage state may be considered acceptable. However, past that there is a considerable propagation of concrete cracking over the upstream and downstream faces, and there are several blocks on most cantilevers where tensile failure has propagated through the entire section. Naturally, this scenario should be considered unacceptable, given the adopted criterion for the OBE. As such, the endurance limit related to tensile damage corresponds to an acceleration value of about 0.5 g, 6.5 times higher than the OBE peak ground acceleration (0.076 g) prescribed for Cahora Bassa Dam.



In what concerns the compressive damage evolution, until t = 6 s, there are no signs of damage due to compressions. After that point, however, compressive damage starts to increase progressively, specifically at the top of the lateral cantilevers, on the upstream face, and below the surface spillway, on the downstream face, until t = 9 s, when concrete crushing due to compressive failure has occurred from upstream to downstream in the blocks under the surface spillway. Bearing in mind the adopted performance criteria to meet the requirements under the SEE level, this scenario would not be acceptable as it could lead to local collapse and hence to the uncontrolled release of the reservoir. Thus, the endurance limit associated with compressive failure is set to around 0.8 g, about eight times the peak ground acceleration value of the MDE (0.102 g) for Cahora Bassa Dam.
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Figure 14. Seismic safety assessment of Cahora Bassa Dam: evolution of tensile and compressive damage for increasing acceleration levels. 
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5.3. Discussion


Section 5 provided the mains results of the studies conducted for the seismic safety assessment of two large arch dams, namely Cabril Dam and Cahora Bassa Dam, using the proposed ETA-based method (Section 3) and the finite element program DamDySSA (Section 4). Considering the adopted performance criteria, established to meet the requirements for the OBE and SEE, endurance limits were determined for both dams based on the evolution of tensile and compressive damage under intensifying seismic excitation.



For the case of Cabril Dam, the endurance limits were of 0.5 g for tensile damage and of at least 1.3 g for compressive damage: these values are, respectively, 5 and 6.5 times greater than the peak ground accelerations assumed for the OBE (0.1 g) and for the MDE (0.2 g). Therefore, the conducted seismic performance evaluation demonstrated the impressive resistant capacity of Cabril Dam under seismic loads. Moreover, the achieved results suggest that the seismic safety of the dam might be clearly verified in future studies, in case similar or even higher values than those assumed here are defined for the OBE and the MDE in seismic hazard studies carried out at the dam site.



As for Cahora Bassa Dam, the endurance limits were of about 0.5 g in terms of tensile damage, and around 0.8 g in what concerns compressive damage. These are acceleration values about 6.5 and 8 times greater, respectively, than the OBE (0.076 g) and MDE (0.102 g) peak ground accelerations prescribed for the Cahora Bassa Dam site. This seismic safety study showed that, despite being a thin 170 m-high arch dam, Cahora Bassa Dam performs very well under strong seismic loads, as both endurance limits were considerably greater than the values of the OBE and MDE peak ground accelerations.



Finally, the same tensile and compressive concrete strength values were considered for Cabril Dam and Cahora Bassa Dam, so it is worth comparing their seismic performance. On the one hand, Cahora Bassa Dam is taller and thinner than Cabril Dam, hence higher stresses tend to get installed. Thus, since compressions are considerably higher in Cahora Bassa Dam [55], the endurance limit associated with compressive damage is lower than for Cabril Dam. On the other hand, it was interesting to see that both arch dams presented similar tensile damage evolutions until t = 5 s, resulting in equal endurance limits; nevertheless, after that, the tensile damage progression was more severe for the case of Cahora Bassa Dam. Overall, by comparing the endurance limits with the prescribed values of the peak ground acceleration for the OBE and the SEE, both dams presented considerable safety factors. In the case Cahora Bassa Dam, located in an area of lower seismicity, the safety factors are slightly higher than for Cabril Dam.





6. Conclusions and Future Research


The seismic safety assessment is a fundamental issue for dam safety control, and therefore it is essential to develop suitable methods of analysis and robust models in order to analyze the seismic behavior of dams under strong earthquakes.



To contribute to this field, an ETA-based method for seismic safety assessment of arch dams, using tensile and compressive damage results from advanced non-linear seismic analyses considering joints and concrete non-linear behavior, was presented. In the ETA-based method, a new and intuitive approach was proposed for seismic performance evaluation, namely by controlling the evolution of the damage state of the dam. Considering suitable performance criteria, acceleration endurance limits are estimated based on the evolution of tensile and compressive damage, and then compared, respectively, with reference peak ground accelerations prescribed for the OBE and the SEE of the dam site. With this approach, it is possible to conduct the seismic safety assessment in relation to both earthquake levels (OBE and MDE) in an efficient manner, by conducting a single intensifying acceleration time history analysis.



An important innovation was also achieved in the finite element program DamDySSA, used to carry out the seismic analyses for this work. Several years under development in LNEC for dynamic analysis of dam–reservoir–foundation systems, the program is based on a coupled finite element formulation in displacements and pressures, and a robust formulation was recently implemented for non-linear seismic analysis, considering (a) non-linear joint behavior, using a constitutive model based on the Mohr–Coulomb failure criterion and using normal/shear stress-displacement laws for opening/closing and sliding movements, and (b) the concrete behavior up to failure, using an isotropic damage model with strain-softening and independent tensile and compressive scalar damage variables. A considerable investment was also made in programming the graphical outputs, to achieve realistic 3D representations of the damage in the dam body and hence facilitate the results analysis and interpretation.



The ETA-based method was then used to evaluate the seismic performance of the 132 m-high Cabril Dam (Portugal) and the 170 m-high Cahora Bassa Dam (Mozambique). The achieved results confirmed the potential of the proposed methodology for seismic safety assessment of concrete dams and showed that it enables a simple and intuitive analysis, which can be very beneficial for dam safety officers and dam owners. Therefore, the method can be used to support the seismic design and safety assessment of new dams or to conduct analyses for seismic safety reassessment of older dams that have been designed based on outdated methods and regulations; for example, a program for seismic safety reassessment of older large concrete dams of high potential risk could be carried out in Portugal and Mozambique, and the tools presented in this paper could prove useful. The proposed method can also be used to conduct seismic safety evaluations of dams for scenarios considering different reservoir water levels, distinct concrete strength properties, and using various intensifying seismic accelerogram with different frequency content.



In terms of future research, the proposed ETA-based methodology may be improved by including specific parameters that allow for a more objective quantification of the global damage state of the dam. In what concerns the program DamDySSA, it could be enhanced by implementing parallelization techniques, using GPU computing, in order to increase the computational efficiency of the non-linear analyses.
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Figure 4. DamDySSA: finite element program for dynamic analysis of concrete dams. User interface. 
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Figure 5. Types of finite elements used for discretization of the dam–reservoir-foundation system and of dam discontinuities. 
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Figure 6. (a) Non-linear joint model with cohesion and (b) Concrete constitutive model with two independent damage variables. 
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Figure 7. Case study I: Cabril Dam. Location and seismic hazard zones. Upstream, cross-section and plan views. Variation of the reservoir level over time. 
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Figure 8. Finite element mesh and material properties used for dynamic analysis of Cabril Dam. 
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Figure 9. Non-linear seismic analysis of Cabril Dam. Deformed shape and principal stresses for t = 5.4 s, radial displacement envelope at the central section (until t = 5.4 s), and displacement time history at the crest central point. 
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Figure 12. Finite element mesh and material properties used for dynamic analysis of Cahora Bassa Dam. 
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Figure 13. Non-linear seismic analysis of Cahora Bassa Dam. Deformed shape and principal stresses for t = 3.2 s, radial displacement envelope for the lateral cantilever (until t = 3.2 s), and displacement time history at the crest of the lateral cantilever. 
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