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CDM-BASED DAMPING: INCORPORATED INTO A PLASTIC-DAMAGE MODEL FOR CONCRETE AND ITS APPLICATIONS TO STRUCTURES Jian-Ying Wu and Jie Li Abstract: In this paper a new damping model is proposed within the framework of continuum damage mechanics (CDM). Basically, to directly consider the energy dissipation, a visco-elastic-damage damping stress is obtained and added to the Cauchy stress due to deformations in the material. The present damping model is then incorporated into an energy-based plastic-damage model for concrete previously proposed by the authors. The pertinent computational aspects are also briefly provided. With the proposed damping-incorporated plastic-damage model, the dynamic governing equations for damped structures is then transformed into the classical ones without damping which can be numerically solved with appropriate algorithm. Finally to check its validity, the present model is applied to the Koyna dam under earthquake motions, illustrating its capability for the nonlinear analysis of structures under dynamic loadings. 1. Introduction An undamped structure would vibrate freely and the magnitude of the oscillation would be constant if no energy-dissipation mechanisms exist. However, energy dissipation is inevitably accompanied with the motion of the real structures and the magnitude of the oscillation decreases until the oscillation stops. This energy dissipation, known as damping, is of significant influence on the response of structures under dynamic loadings. In the dynamic analysis of structures, the above damping mechanism is generally considered via the classical Rayleigh assumption (Clough and Penzien, 1993), in which the damping matrix C is the linear combination of the mass matrix M and stiffness matrix K , that is, C = βMM + βK K



(1)



where β M and β K are user-defined constants, related to the critical damping value ξi for mode i



ξi =



1 ( β M ωi + β Kωi ) 2



(2)



It is known that, the mass-proportional damping matrix β M M would introduce a physically inadmissible dissipation under rigid body motions, and could not provide sufficient dissipation itself to suppress the high-frequency numerical noises even if the powerful HHT- α method (Hughes, 1987) is used. Therefore many later researchers (El-Aidi and Hall, 1989; Vargas-Loli and Fenvas, 1989, Bhattacharjee and Leeger, 1993; Lee and Fenvas, 1998; Faria et al., 2002; etc.) have only adopted the stiffness-proportional damping matrix to consider the damping dissipation, i.e. C = βK K ;



β K = 2ξi ωi



(3)



However, the key problem in the dynamic nonlinear analysis is that the structure stiffness would change as the material comes into nonlinearity, so the adoption of a constant stiffness matrix K throughout would introduce fictitious damping forces and still remain high on a finite element with vanishing stiffness (El-Aidi and Hall, 1989), which is obviously not physically right. To solve the above problem, various methods are proposed to set the damping to zero on a cracking element or adopt the tangent matrix. Unfortunately, the former method would lead to the numerical problems of convergence and stability, and the later one would obtain negative damping when the material comes into softening regions. In our opinion, since energy is mostly dissipated on the material scale, compared with the above Rayleigh formulation, it is undoubtedly more consistent if damping is directly taken into account by endowing the material constitutive model with the capability of reproducing the above dissipation mechanism. With these ideas, a new continuum damage mechanics (CDM) based damping model is suggested and incorporated into the plastic-damage model previously proposed for concrete by the authors (Li and Wu, 2004; Wu and Li, 2004; Wu et al., 2005). With the present model and its computational aspects developed in this paper, the conventional dynamic nonlinear analysis of damping structures can be dealt with by the same procedures with undamped ones. Finally, the application of the model to a concrete dam under earthquake motions validates its sufficient accuracy. 2. Outlines of the proposed model The governing motion equations for discretized structures due to the external specified ground accelerations u g and other static loadings F sta can be generally written as



Mu + F ( u, u ) = −M1g u g + F sta = F ext



(4)



where u , u and u are the displacement, velocity and acceleration relative to u g ; 1g is the influence matrix for u g ; F ext = −M1g u g + F st is the total external force vector. In equation (4), the



internal resisting forces F ( u, u ) consists of two parts: (i) the restoring force F int , expressed as the



function of the deformation in the structure F int ( u ) = ∫ BT σ ( u ) dΩ = K ( u ) u



(5)



Ω



and (ii) the damping force F vis , linked to the deformation rate F vis ( u, u ) = ∫ BT σ vis ( u, u ) dΩ = C ( u, u ) u



(6)



Ω



where Ω is the finite element domains of the integral of the stress field; B is the matrix form of the strain-displacement operator; σ and σ vis are the Cauchy stress and the damping stress, respectively. Therefore, F ( u, u ) can be rewritten as F ( u, u ) = ∫ BT ( σ + σ vis ) dΩ = ∫ BT σ tot dΩ Ω



(7)



Ω



where σ tot denotes the total stress resulted from external loadings, expressed as σ tot = σ + σ vis



(8)



Up to now equation (8) is rather general and it is possible to develop a specific constitutive model that directly takes the damping into consideration on the material scale. Here a simplified version (Li and Wu, 2004) of the energy-based plastic-damage model proposed by the authors (Wu and Li, 2004; Wu et al., 2005) is adopted as a start to develop such one. Within the framework of CDM (Lemaitre, 1985), here the effective stress σ and the effective damping stress σ vis in damaged material are assumed respectively to behave elastoplasticly (Ju, 1989; Faria et al., 1998) and viscoelasticly and can be decomposed as follows σ = D0 : ε e = D 0 : ( ε − ε p ) = σ + + σ − ;



+ − σ vis = β K D0 : ε vis = σ vis + σ vis



(9a, b)



where D0 denotes the usual fourth-order isotropic linear-elastic stiffness tensors; ε , ε e and ε p are all rank-two tensors, denoting the strain tensor, its elastic and plastic tensor components; β K is the Rayleigh stiffness-proportional damping parameter defined in equation (1); ε vis is the damping± related strain rate to be given in Section 3; σ ± and σ vis are the positive and negative components of



σ and σ vis obtained as the usual method (Faria et al., 2000; Wu et al., 2005).



Mainly intended for large time-consuming dynamic analysis, instead of the “effective stress space plasticity” (Ju, 1989; Wu et al., 2005), a simplified “overall effect” evolution law for ε p is postulated here (Li and Wu, 2004), i.e. ε p = λσ ;



λ = E0 ⎡⎣ξ + H (d + ) + ξ − H (d − ) ⎤⎦



〈 ε e : ε〉 ≥0 σ:σ



(12a, b)



where E0 denotes the Young’s Modulus; H (i) and 〈i〉 are respectively the Heaviside function and



McAuley brackets; 0.0 ≤ ξ ± ≤ 1.0 are material parameters controlling the flows of the plastic strains. Basically, two damage scalars d + and d − are adopted to describe the tensile and shear damage mechanisms that result in the degradation of macro-mechanical properties in pure tension and pure compression. Within the framework of thermodynamics based CDM, following constitutive relations for the plastic-damage Cauchy stress σ (Wu and Li, 2004; Wu et al., 2005) and the similar viscoelastic-damage damping stress σ vis can then be established σ = (1 − d + ) σ + + (1 − d − ) σ − ;



+ − σ vis = (1 − d + ) σ vis + (1 − d − ) σ vis



(13a, b)



leading to the following total stress σ tot defined in equation (8) + σ tot = σ + σ vis = (1 − d + )( σ + + σ vis ) + (1 − d − )( σ − + σ vis− )



(14)



The evolution laws for d + and d + can be determined through the normality rule, in which the damage criteria are established in terms of the conjugated forces (Li and Wu, 2004; Wu and Li, 2004; Wu et al., 2005). It should be pointed out that, it is not the total stress σ tot but the Cauchy stress σ alone that influences the damage evolution. Substituting the above defined damping stress in equation (13b) into equation (6) leading to the following damping force F vis F vis ( u, u ) = β K ∫ BT ⎡⎣( I − d vis ) : D0 : ε ⎤⎦ dΩ = C ( u, u ) u ; Ω



+ − d vis = d + Pvis + d − Pvis



(15a, b)



± with Pvis being the projection operators of σ vis and the nonlinear damping matrix C ( u, u ) being



C ( u, u ) = β K ∫ BT ⎡⎣( I − d vis ) : D0 ⎤⎦ BdΩ = β K K ( u, u ) Ω



(16)



where the damping-related stiffness matrix K ( u, u ) is expressed as K ( u, u ) = ∫ BT ⎡⎣( I − d vis ) : D0 ⎤⎦ BdΩ Ω



(17)



Only if the corresponding integration points of a finite element remain elastic, i.e. d + = d − = 0 , equations (15b) and (17) lead to K ( u, u ) = K 0 where K 0 denotes the initial linear elastic matrix, indicating that the proposed damping model reduces to the Rayleigh stiffness-proportional damping in equation (3). From equations (15~17), it can also be concluded that once the further damage evolutes in the material, the corresponding damping force F vis and the damping-related stiffness matrix K ( u, u ) will decrease; upon crack closure, the stiffness and hence the damping will be partially restored due to the unilateral effect of concrete under cyclic loadings, demonstrating the physical rationality of the proposed damping model.



3. Linearization of governing equation of motion In accordance with the HHT- α method (Hughes, 1987), at current increment step n + 1 the discretized form of the equation of motion in equation (4) is written as Mu n +1 + Fn +1−α f = Fnext+1−α f



(18)



or its linearization form ⎡ d u n +1 dF ⎤ + (1 − α f ) n +1 ⎥ Δu = (1 − α f ) ΔF ext ⎢M d d u u n +1 ⎦ n +1 ⎣



(19)



with Δu and ΔF ext being the displacement and the external load incremental vectors, respectively, and Fn +1−α f expressed as Fn +1−α f = α f Fn + (1 − α f ) Fn +1 = α f Fn + (1 − α f ) ∫ BT ( σ tot )n +1 dΩ Ω



(20)



where parameter 0 ≤ α f ≤ 1/3 is to reduce the high-frequency noise and leads to the unconditional stability of the above integration method. Here in the present model the value of α f =0.05 is taken. Considering the relations obtained from the linear acceleration field assumption of Newmark - β method and denoting Δt the increment of time, one obtains the following damping-related strain rate ε vis introduced in equation (9b)



( ε vis )n +1 = Bu n +1 =



⎛ γ Δε + ⎜1 − ⎜ 2β β f Δt f ⎝



γ



⎞ ⎛ γ ⎟⎟ ( Δε vis )n + ⎜⎜ 1 − β f ⎠ ⎝



⎞ ⎟⎟ ( ε vis )n ⎠



(21)



where parameters β f and γ are expressed in terms of α f



βf =



2 1 1+α f ) ; ( 4



γ=



1 +αf 2



(22a, b)



and the incremental quasi-static format of the governing equation K tan Δu = ΔP



(23)



where ΔP is the increment of the quasi-static external loading vector, and the quasi-static tangent matrix K tan is expressed as K tan =



1



β f Δt 2



⎛ dσ ⎞ M + (1 − α f ) ∫ BT ⎜ tot ⎟ BdΩ Ω ⎝ dε ⎠ n + 1



(24)



It can be clearly seen from equations (18) and (24) that, the numerical implementation of the proposed damping-incorporated plastic-damage model consists of two main tasks: (i) update ( σ tot )n +1 with stable algorithm (Li and Wu, 2004); (ii) obtain the algorithmic consistent tangent modulus



( dσ tot



dε )n +1 (Simo and Hughes, 1998). Once the concerned steps are completed, the dynamic



nonlinear analysis of damping structures can then be transformed into the conventional quasi-static nonlinear analysis without damping, which can be easily solved by the general finite element methods (Zienkiewicz and Taylor, 2000). 4. Application to Koyna dam To illustrate the capability of the proposed model for dynamic nonlinear analysis of concrete structures, the Koyna dam subjected to earthquake motions in 1967, which has been extensively studied by other investigators (Chopra and Chakrabarti, 1973; Bhattacharjee and Léger, 1993; Ghrib and Tinawi, 1995; Lee and Fenves, 1998; etc.), is analyzed in this section. Following the work of other investigators, a two-dimensional analysis assuming the plane stress conditions is also used. The dam-foundation interactions are ignored by assuming that the foundation is rigid and the hydrodynamic pressure due to the vertical component of the ground motion is assumed to be small enough to be neglected. The dam-reservoir dynamic interactions resulted from the transverse component is modeled by the added mass technique (Westergaard, 1933). A frequency extraction analysis without the reservoir is first performed to determine the first natural frequencies to be ω1 =18.85rad/sec. The material damping is assumed to provide a 3% fraction of the critical damping for the first vibration mode, leading to β K = 3.183E-3 sec. With the proposed damping incorporated plastic-damage model, the nonlinear responses of the dam under the horizontal and vertical earthquake excitations are analyzed. The reproduced result of the relative (to the ground motion) horizontal displacement at the left corner of the crest of the dam, is shown in Fig. 1a (the positive values represent the displacement in the downstream direction), which agree fairly well with those obtained by Lee and Fenves (1998). It can be seen that the crest displacement remains less than 30 mm during the first 4 seconds of the earthquake, and after these 4 seconds, the amplitude of the oscillation of the crest increases substantially, demonstrating severe damage developed in the structure during these oscillations. The predicted evolution of tensile damage in the concrete dam at the end of the earthquake excitation is illustrated in Fig. 1b. It can be clearly seen that damage has evolved at the base of the dam on the upstream face due to the infinitely rigid foundation and in the region near the stress concentration where the slope on the downstream face changes. Also tensile damage appears on several elements along the upstream face due to the transverse interaction of dynamical hydropressure. The damage patterns numerically reproduced by the proposed model are consistent with the observed phenomena and those reported by other investigators.



Horizontal Relative Displacement (mm)



50



Lee and Fenvas (1998) Present Model



40 30 20 10 0 0



2



4



6



8



10



-10 -20 -30 -40



Time (s)



(a) Horizontal crest displacement relative to ground



(b) Tensile damage



Figure 1 – Predicted results of Koyna dam under earthquake motions 5. Conclusions In this paper, a new damping model is proposed to characterize the energy dissipation mechanism of structure under dynamical loadings, in which a visco-elastic-damage damping stress due to the strain rate is defined. It has been illustrated that the proposed damping model reduces to the classical Rayleigh stiffness-proportional damping while the material remains linear-elastic. Also the typical characteristics of the damping in the dynamic nonlinear analysis, e.g., the decreasing damping force resulted from the stiffness degradation of the structure, and the damping restoring due to the unilateral effect upon crack closure, etc., can be well reproduced. Within the framework of continuum damage mechanics, the damping model is then incorporated with the energy-based plasticdamage model previously proposed by the authors, leading to the damping incorporated constitutive model for concrete which is able to directly account for energy dissipations on the material scale. Pertinent computational issues are also briefly discussed, through which the dynamic nonlinear analysis of damping structures can be coped with by the same procedures as those without damping. The proposed model is then applied to Koyna dam under earthquake motions. The predicted results agree fairly well with those from observed phenomena and other investigators, demonstrating its capability and effectiveness in the dynamic nonlinear analysis for reproducing the damping energy dissipation directly on the material constitutive scale. The rate-dependent behaviour of material under dynamic loadings would be the forthcoming job. References 1. 2.
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