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I 

摘要 

在服役期内，混凝土结构往往会承受动力及冲击荷载，在动力或冲击荷载

作用时，混凝土会表现出明显的应变率效应。因此，在结构非线性分析中，不

仅要考虑结构的整体动力效应，同时还需考虑加载速率对混凝土本构关系的影

响。建立合理的混凝土本构关系必须基于一定的物理机制。在对混凝土细观结

构分析的基础上，本文将混凝土应变率效应的物理机制归结为低应变率时的黏

性效应和高应变率时的惯性效应及裂纹动力扩展效应三种基本机制。 

低应变率时，混凝土应变率效应主要表现为黏性效应。在连续介质损伤理

论的框架内，本文首先给出了通过细观随机断裂模型建立混凝土静力损伤理论

的一般原则和方法。在此基础上，通过类比 Perzyna 黏塑性规则化的方法，对

细观随机断裂模型的断裂应变进行黏性规则化，得到了反映混凝土细观随机断

裂的随机动力损伤本构模型。然后，利用能量等效应变的概念，将建议的动力

损伤本构模型推广为多维随机动力损伤本构模型。作为建议的本构模型的实际

应用，本文详细地介绍了本构模型的数值算法，完整地给出了建议本构模型的

数值求解步骤。最后，作为对本构模型有效性的验证，对典型动力加载试验进

行了数值的模拟，验证了模型的有效性。 

在宏观黏性动力损伤本构模型的基础上，通过对混凝土细观微缺陷的考察，

利用 Stefan 效应解释了混凝土低应变率时损伤黏性的细观物理本质。并在此基

础上，采用拉普拉斯变换方法建立了基于 Stefan 效应的混凝土黏性随机动力损

伤本构模型。结合本研究梯队完成的混凝土动力本构试验，利用建议的黏性随

机动力损伤本构模型详细地模拟了混凝土单轴受压动力试验，并取得了较好的

分析结果。 

对于高应变率加载，采用断裂动力学方法研究了混凝土应变率效应，阐明

了冲击荷载时混凝土中多重裂纹同时扩展的物理机理，分析了混凝土在高应变

率时之所以产生应变率效应的物理机制。在此基础上，通过修正 Griffith 静力断

裂理论，提出了基于多重裂纹同时扩展物理机制的动力断裂损伤本构模型。 

在上述研究的基础上，提出了分配函数的概念，用以表示不同物理机制对

混凝土动力损伤的影响，从而建立了包含不同物理机制的混凝土随机动力损伤
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本构模型。 

由于经典局部本构模型并没有反映材料内在细观尺度，当材料进入软化阶

段时将会出现数值计算困难。为此，作为对建立软化材料本构关系的进一步探

讨，本文引进了非局部本构关系的思想，并初步将前面建立的动力损伤本构模

型推广为非局部隐式梯度损伤本构模型。 

 

关键词：混凝土，应变率效应，本构模型，动力损伤，随机性
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ABSTRACT 

During their service time period of concrete structures, concrete may be 

subjected to dynamic impact loading. The mechanical behavior of concrte is 

observed be to strain rate sensivitive under dynamic loading. Thus, in the nonlinear 

dynamic analysis of concrete structures, not only the dynamic response of structure, 

but also the strain rate effect should be taken into account to reflect the effect of 

loading rate on the nonlinear behaviour of concrete constitutive model. Obviously, 

the eatablishing of sound constitutive model of concrete should base on physical 

mechanism. With this principal in mind, we studied the micro-structure of concrete 

first, and found that, the basic physical mechanism of strain rate effect can be 

classified into three physical mechanisms. That is, visocity in lower strain rate, 

inertial effect and dynamic crack propagation effect in high strain rate. Based on this 

conclusion, nonlinear dynamic damage constitutive model is proposed to reflect the 

strain rate effect of concrete.  

Under low loading rate, strain rate effect is mainly due to the material viscocity. 

In the framework of continuum damage mechanics, the general principle and method 

of establishing constitutive model through the microscopic stochastic rupture model 

(MSRM) is presented. Based on this, a viscous regularization that is analogous to the 

viscoplastic regularization of the Perzyna type of the rate-independent damage 

evolution is employed to establish the dynamic damage constutive model. The 

concept of Energy Equivalent Strain (EES) is employed to extend the uniaxial 

dynamic viscous damage model into three-dimensional constitutive model. For 

purpose of application of the proposed model, the numerical algorithm of the model 

is presented in details, and the whole step of numerical implementation is introduced. 

A serial of numerical simulations are performed to simulate the dynamic test. It is 

found that numerical simulations agree well with test results, and the valid of the 

model is verified. 

Based on the study of the micro-structure of concrete, it is found that the 
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physical mechanism of strain rate effect of concrete can be explained by the 

phenomenon of Stefan effect. With this knowledge, the Laplacian transformation is 

employed to eatablish the physical mechanism based random viscosity parameter 

dynamic damage model of concrete. For inllustration of application of the model, 

dynamic uniaxial compressive test which were carried out by our research team are 

simulated using the model and the numerical results agree well with the test results, 

so the valid of the model is verified. 

Under high loading rate, the physical phenomenon of multiple crack 

propagation is explained in the framework of dynamic fracture mechanics, which, 

the physical mechanism of strain rate effect in high loading rate is attributed to. 

Based on conclusion, a modified static Griffith fracture theory is proposed to 

eatablish a physical mechanism based dynamic damage model that taking account 

for the dynamic multiple cracking.  

On the fact that, strain rate effect is attributed to different micro physical 

mechanisms, a novel Boltzmann kind weight function is proposed to represent the 

respective contributions of different mechanisms on the dynamic damage evolution. 

So, a unified dynamic damage model that takes account for different physical 

mechanisms is obtained. 

As in classical local continuum constitutive models, the micro-structure of 

material is not reflected and thus the intrinsic length scale is lost in these constitutive 

models. The drawback of these models is that, they suffer the problem of numerical 

difficulties when softening occurs. As for future investigation of establishing the 

constitutive of softening materials, nonlocal constitutive model is preliminarly 

employed to extend the aforementioned local dynamic damage constitutive model 

into nonlocal implicit gradient dynamic damage constitutive model. 

 

Key Words: concrete, strain rate effect, consititutive model, dynamic damage, 

randomness 
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