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ABSTRACT

Actual engineering structures may suffer from various static or dynamic loadings
in service life periods. Moreover, the randomness widely exists in the construction
materials. It is difficult to accurately predict the performances and potential behaviors
of structures, in particular, regarding the concrete structures subjected to disastrous
dynamic loadings. The present dissertation therefore is focused on the description of
nonlinearity and randomness of concrete materials and structures. New theory and
methods for stochastic collapse analysis and anti-seismic global reliability analysis of
concrete structures are systematically developed. The nonlinear dynamic response
characteristics combined with the global anti-disaster reliability of complex concrete
structures under stochastic dynamic excitations and random structural properties are
respectively investigated.

A constitutive model-based numerical platform for nonlinear dynamic response
analysis and collapse simulation of concrete structures is established. Combining the
refined structural element models with the efficient and robust numerical algorithms,
the simulation regarding the entire process of collapse of complex conctrete structures
is achieved based on the continuum damage mechanics. Different seismic collapse
simulations with elasto-brittle, elasto-plastic, and damage constitutive relationships of
concrete are compared and investigated in terms of a prototype reinforced concrete
frame-shear wall structure. It is indicated that the concrete constitutive model plays a
fundamental role in the collapse analysis of structures. The damage constitutive model
can represent almost all the typical nonlinear behaviors of concrete and thus is capable
of simulating the multi-stage destructive patterns and processes from material damage
and component failure to structural partial or overall collapse.

An effective energy criterion for identification of structural overall collapse is
proposed. On the basis of Xu-Li energy criterion for structural dynamic stability, the
concepts of effective intrinsic energy and valid input energy are put forward. The first
passage of the structural effective intrinsic energy over the valid input energy is
shown to be an important indicator of the dynamic instability that leads to the collapse
of the structure. The suggested criterion is thoroughly verified on various benchmark
models. A comparison study is carried out regarding the validity and applicability

between the Xu-Li energy criterion and the effective energy criterion as applied to the
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dynamic stability analysis of different structures. It is demonstrated that the effective
energy criterion can quantitatively identify the structural whole-process stabilities and
predict the specific time of collapse occurrence of various structures.

A comprehensive framework for stochastic seismic collapse analysis and global
anti-disaster reliability assessment of complex concrete structures is recommended. A
physical random ground motion model is introduced to quantitatively characterize the
randomness of earthquake excitations. The probability density evolution method is
employed to capture the randomness propagation from input excitations to structural
systems. The stochastic seismic response features and global anti-disaster reliability of
a certain prototype reinforced concrete frame-shear wall structure are investigated
considering the coupling of nonlinearity and randomness. Numerical results indicate
that the randomness from ground motions dramatically affects the collapse behaviors
of the structure and even leads to entirely different collapse modes. The probability
density evolution method combined with the effective energy-based collapse criterion
provides a feasible approach towards the collapse prediction of actual structures.

A multi-scale stochastic damage analysis method that incorporates the spatial
variability of material mechanical properties for concrete structures is developed.
Within the framework of stochastic damage mechanics, the spatial variability of
concrete is modeled as a two-scale stationary random fields. At the micro-level, the
damage evolution law of concrete is mapped to a random field corresponding to the
microscopic fracture strain. At the macro-level, the strength distribution of any
concrete component forms a lognormally distributed random field. The connection
between the two-scale random fields is established by a covariance constraint such
that the scale-of-fluctuation of the random material properties is satisfied in both
scales. Thereout, both the microscopic random damage evolution of concrete and the
fluctuation of macroscopic structural responses can be numerically represented in a
unified framework. The present method can effectively eliminate the mesh sensitivity
with respect to the correlation length in stochastic finite element analysis. Moreover,
the method is of higher computational efficiency compared with the conventional
stochastic simulation approaches.

A global anti-disaster reliability analysis method regarding the complex high-rise
concrete structures with random mechanical properties in concrete is developed. By
integrating the multi-scale stochastic damage analysis method, the probability density

evolution method, and the effective energy collapse criterion, the stochastic structural
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damage analysis and collapse assessment of an actual concrete structure induced by
the same seismic excitations are accomplished and investigated. It is shown that the
randomness in concrete also makes a difference to the dynamic response regularity of
structures. This influential effect can become more remarkable with the development
of nonlinearity of the structural system. Due to the random damage evolution of
concrete, distinct structural collapse modes can be observed even under the same
earthquake excitation. With the presence of randomness, the performance of
structures under disastrous dynamic loadings may deviate from the hypothetical
expectation in conventional design. In this regard, it is recommended to predict the
anti-disaster performance and implement the optimum design of engineering
structures from the probability density evolution analysis as well as the global
reliability analysis point of view in future to ensure safety.

In the end, some open questions and problems regarding the present research are

summarized. Some future research perspectives are clarified as well.

Key Words: Concrete structure, Damage constitutive relation, Collapse criterion,
Covariance constraint, Multi-scale random fields, Probability density evolution

method, Global reliability
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