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ABSTRACT

In a major earthquake, it is reasonable to assume that the mechanical behavior of a pile foundation and the surrounding ground is nonlinear.  It is commonly accepted that the dynamic behavior of a ground-pile foundation is not only related to its own mechanical properties, but also to the upper structure supported by the foundation, and to the surrounding ground. It is recommended, therefore, that a full system, which consists of superstructures, foundation and ground, be considered in the dynamic analysis because of the merit that relatively few assumptions are adopted. The most important thing in the dynamic analysis, however, is that the individual nonlinear behavior of soils and piles should be properly evaluated. In this paper, a new beam theory is proposed for a reinforced concrete material (RC material). The theory is based on a weak form in which the axial-force dependency in the nonlinear moment-curvature relation is considered. Its validity is verified by experimental results of an RC cantilever beam. Then, an elevated bridge with a 12-pile foundation is analyzed using a three-dimensional elastoplastic finite element analysis (DGPILE-3D). The piles are cast-in-place reinforced concrete pile and have a diameter of 1.2 m. Meanwhile, the ground soil is simulated with tij subloading model in which the concepts of kinematic hardening and subloading are adopted. The purpose of the paper is to provide an accurate numerical way of evaluating the dynamic behavior of a pile foundation during an earthquake.
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INTRODUCTION

It is known that during a strong earthquake, the dynamic behavior of a group-pile foundation is not only related to the inertial force coming from the superstructures but also to the deformation of the surrounding ground. During the Hyogoken-Nambu earthquake, it was found from field observations Taguchi et al. (1997) conducted a numerical simulation of soil-foundation interaction with a 3-D nonlinear dynamic analysis considering subsoil liquefaction.

Zhang et al. (2000b) simulated numerically a field test of a real-scale 2-pile foundation subjected to lateral cyclic loading up to the ultimate state with a 3-D elastoplastic finite element analysis, considering the influence of different constitutive models adopted for soils. Kimura and Zhang (2000) conducted a series of static and dynamic 3-D elastoplastic finite element analyses on a simplified sway-rocking model (S-R model) and on a full system to investigate the dynamic behavior of a group-pile foundation during an earthquake. It is, however, well known that the bending strength and the load-sharing ratio of the piles in a pile group are totally different in different positions, e.g. front, back and middle position, when subjected to lateral loadings. In the aforementioned works, a very important fact that greatly affects the nonlinearity of piles, the influence of axial force on the stiffness and the bending strength of RC piles was neglected. The reason why this influence was not considered is that it is difficult to model the influence under cyclic loading condition within the framework of common beam theory.

In structural engineering, a few axial-force dependent nonlinear models for RC material have been proposed. Among them, the multi-spring model and the fiber model (Lai et al., 1984; Li and Kubo, 1999) are rather popular. They are mainly used in structural analyses in which soils are not considered. The equilibrium equations of these models are established in a strong form, that is, differential equations of structural analysis. If the interaction between piles and soils is considered in finite element analysis, the compatibility of the deformation prescribed for FEM should be satisfied at every node. However, these two models do not satisfy the condition. For this reason, by introducing a new weak form of the equilibrium equation for beams in this paper, the interaction between the bending moment and the axial force can be properly evaluated under generalized loading conditions. In calculating the stiffness matrix of an RC beam, the concept of the discretization of the RC material proposed by Li and Kubo (1999) is introduced to the new beam theory proposed in this paper in which the compatibility of deformation is satisfied.

Zhang et al. (2000c) conducted a 3-D FEM analysis of a laterally cyclic-loaded, real-scale 9-pile foundation based on an axial-force dependent hysteretic model for RC. In the analysis, the field measurements can be simulated to a quite accurate level.
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Fig. 8.  Geometry of elevated highway bridge

Table 1.  Parameters of Cantilever I
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As to the nonlinearity of soil, engineers prefer a simple model whose material parameters can be determined based on some easily conducted and commonly used field test results, e.g., the N-value of standard penetration test (SPT N-value), without losing too much accuracy of the description for soils. It is obvious, however, that to describe the general behavior of soils with a four-parameter model, for instance, the Drucker-Prager model or Mohr-Coulomb model, is too ambitious. It is known that in order to simulate the mechanical behavior of soils under generalized stress condition, a more sophisticated constitutive model is usually necessary, which often means that the determination of the parameters based on laboratory tests and in situ measurements is needed. For this reason, a kinematic hardening elastoplastic constitutive model using the concept of subloading, known as tij subloading model (Nakano and Yamada, 1999), is adopted for soils in the 3-D dynamic analysis conducted in this paper.

The purpose of the paper is to provide an accurate numerical method of evaluating the dynamic behavior of a group-pile foundation based on 3-D finite element analysis, in which the nonlinearity of a pile is described by the new beam theory proposed in this paper and a ground is described by the tij subloading model. In order to understand the accuracy of the analysis in which simple constitutive models are adopted for soils and piles, analyses using the Drucker-Prager model (D-P model) and trilinear model (See Appendix I and II) are also conducted and their results are compared with the results from the analyses using the new beam theory and tij subloading model.
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Compressive strength of concrete : c=36.0 MPa�
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