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摘要 

地下供水管网的抗震防灾是一场人与自然的战争，其重要性不言而喻。地下

供水管网和地震动场，构成了这一矛盾的“内因”和“外因”。因此，准确评估内因

与外因，以最小的代价赢得战争的胜利，是战略和战术的现实要求。《孙子兵法》

云：知己知彼，百战不殆。本课题的研究，就是建立在“知己”“知彼”两个方面的。 

第一章回顾并评述了有关地下管网地震反应分析和供水管网抗震功能可靠

度研究两方面的研究进展，对不同的研究方法做了详细的分类，分析了其基本原

理、发展脉络和优缺点；通过对供水管网抗震功能物理机制的分析指出，地下管

网地震反应分析和供水管网抗震功能可靠度评价是管网抗震研究的两大支撑，从

而重点以这两个方面展开随后的系列研究工作。 

第二章侧重研究管网地震反应分析的外因，即地震动场的分析和建模。首先

修改了本梯队建立的工程地震动物理随机函数模型。以此为基础，提出了基于物

理机制的工程场地地震动相干函数模型，验证了模型的正确性，并分析了四类不

同场地相干函数变化特点。其次，修正了场模型中的幅值谱和相位谱，建立了基

于物理机制的随机地震动场模型，使得修改后的模型不仅能反映场地地震波传播

的行波效应，还能反映地震波的频散现象。 

第三章首先在理论上推导了横向土弹簧的解析解，分析了不同的影响因素，

利用已有的试验成果对解析解进行了修正。其次，利用地下管网爆炸模拟地震动

试验的成果，验证了地下管网系统建模有限元模型的合理性，并进而利用该模型

分析了管网中异形管对管线地震响应的影响。 

第四章基于概率密度演化方法，实现了地下管网的随机地震反应分析。同时，

利用典型类型管线的随机地震反应结果，对中国地下管线抗震设计规范的相关条

文提出了修订建议。 

第五章以正常供水管网为基础，实现了对日常供水管网的稳态流和瞬变流分

析，进而通过将渗漏模型引入日常管网稳态流和瞬变流分析中，实现了渗漏管网

的稳态流和瞬变流分析，并验证了程序的正确性。 

第六章首先分析了地下供水管网抗震功能可靠度的评价指标，明确了供水管

网抗震功能的物理机制。基于这一物理机制，结合概率密度演化方法，建立了基

于瞬变流理论的供水管网抗震功能可靠度评价方法，给出了具体的分析步骤，算

例证实了所建议方法的可行性。 

第七章以绵竹市区的供水管网为例验证了本文所提出的基于物理机制的供
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水管网动态抗震功能可靠度评价方法。建立了有限元模型，利用概率密度演化方

法，实现了供水管网的随机地震反应分析，以此为基础，实现了基于瞬变流理论

的供水管网抗震可靠度评价，说明了本文所建议理论的工程实用价值。 

第八章对本文的主要研究内容作了总结，并对进一步深入研究方向进行了初

步的探讨。 

本文的创新点特别在于如下三点：（1）以地下管网爆炸模拟地震动试验的成

果为基础，验证了地下管网地震反应分析系统建模方法的合理性；（2）实现了地

震作用下渗漏管网的瞬变流分析；（3）建立了基于物理机制的供水管网抗震功能

可靠度研究方法。 

 

关键词：供水管网，地震动场，随机地震反应，概率密度演化方法，管土相互作

用，瞬变流，有限单元法 
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ABSTRACT 

The earthquake resistance and disaster prevention of the water supply networks 

(WSNs) is a war between human beings and nature. The importance is self-evident. It 

can be said that WSNs and earthquake fields are the two sides of the war. WSNs are 

the internal cause of the contradiction while earthquake fields are the external cause. 

Therefore, to correctly assess the internal and the external causes and win the war 

with the minimum expenditure is the actual requirement of strategies and tactics. The 

Art of War ever points out that “Know yourself and know your enemy, you will win 

every war.” All in all, this study focuses on two sides, namely to know oneself (WSNs) 

and to know the enemy (earthquake fields). 

The first chapter firstly reviews the study on the seismic response analysis of 

buried pipe networks and the seismic reliability research of WSNs. Different methods 

are classified and their fundamental principles, development sequence, merit, and 

demerit are summarized. By analyzing the physical mechanism of WSNs to resist 

earthquakes, it is verified that the seismic response analysis of buried pipe networks 

and the seismic reliability research of WSNs are two backbones of the seismic 

resistance study of WSNs. Therefore, the study of this project also focuses on these 

two sides. 

The second chapter concentrates on the external cause, namely the earthquake 

field. It firstly modifies the physical random function model of ground motions 

suggested by our research team. Based on that, a new coherence function model of 

ground motion in engineering sites based on physical mechanism is suggested. Also, 

the rationality is verified. Then the coherence function in four kinds of sites is 

analyzed. Then the amplitude spectrum and phase spectrum are modified to establish 

a new earthquake field model, which cannot only reflect the wave passage effect but 

also show up the dispersion effects of seismic waves in local sites.  

The third chapter firstly analyzed the lateral pipe-soil spring stiffness by wave 

theory. Different influence factors are discussed. Then the finite element model of 

buried pipe networks to obtain the seismic response is validated by an artificial 

earthquake test. The influence of deformed pipes in the network is also discussed by 

the numerical model. 
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The fourth chapter realizes the stochastic response analysis of buried pipe 

networks based on the Probability Density Evolution Method (PDEM). Meanwhile, 

the Chinese codes are modified according to the numerical results of seismic response 

of typical pipelines based on the PDEM. 

The fifth chapter obtains the steady and transient flow in leaking WSNs after 

combining with the leakage model with the steady and transient flow analysis method 

of normal WSNs. Also, the numerical program is verified. 

The sixth chapter firstly analyzes the reliability index and the physical 

mechanism of WSNs to resistant earthquakes. Based on the physical mechanism, a 

new approach to evaluate the aseismic functional reliability of WSNs is suggested 

based on the transient flow theory by use of PDEM. Then a small WSN is studied as 

an example to demonstrate the feasibility of the new method. 

The seventh chapter uses the WSN in Mianzhu City as an example to prove the 

engineering meaning of suggested method. The finite element model is built and the 

stochastic seismic response of buried pipe network is obtained based on PDEM. Then 

the seismic functional reliability of the WSN is got based on the transient flow theory, 

which verifies the engineering value of the new method. 

The eighth chapter summarizes the main conclusions of this paper and the 

problems requiring further studies are discussed. 

The innovation of this thesis lies in the following three points: (1) Based on the 

results of artificial earthquake test, the modeling method of underground pipe network 

is validated; (2) The transient flow analysis of leaking pipe network under 

earthquakes is realized; (3) A framework for seismic reliability accessment of water 

supply networks based on physical mechanism is established. 

Key Words: water supply network, earthquake field, stochastic seismic response, 

reliability, probability density evolution method, pipe-soil interaction, 

steady flow, transisent flow, finite element method 
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