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摘    要

边界元法与有限元法相比，具有输入数据少、降低问题维数、所占计算机内存少、计算省时、计算精度高及可求解连续场点等优点；尤其对于无限域问题它是严密成立的。因此，对于大量实际问题，尤其是大区域岩土工程问题，边界元法比有限元法更具优越性。
在导师等前人已研究、开发的FSM•DDM间接边界元法(IBEM)数值计算系统的基础上，进一步完善了三维弹性问题的3D-FSM•DDM边界元数值系统；开发了多介质3D-FSM•DDM边界元数值子系统；研究并开发了考虑节理滑移和张开情况下的3D-FSM•DDM耦合的IBEM分析子系统；研究了考虑地形及构造应力影响下，基于3D-FSM间接边界元法的初始地应力场的反演分析方法，并开发了相应数值子系统；针对3D-FSM•DDM数值系统主程序，初步开发了配套的3D-FSM•DDM边界元前、后处理子系统。
通过多项数值算例及地下工程实例，对上述已开发的3D-FSM•DDM数值系统进行了比较、验证及应用，证明了该数值系统可靠、计算精度高。对于多介质问题，含有层理、断层、空洞等不连续体问题，初始地应力场的预测等问题的适用性强。研究成果可广泛应用于岩土工程，特别是地下工程的数值模拟分析方面，具有较高的学术价值和广阔的应用前景。
上述3D-FSM•DDM间接边界元数值系统经开发完善后将会形成具有独立知识产权的大型三维边界元应用软件，以期对相关研究及应用做出贡献。
关键词：间接边界元法(IBEM)；应力不连续法(FSM)；位移不连续法(DDM)；节理岩体；多介质

Abstract

Compared with the Finite Element Method (FEM), the Boundary Element Method (BEM) has many advantages, such as decreasing data input quantity, reducing the dimensions of the question, occupying the fewer computer memory, saving the time of computation, having the higher computation precision and solving continuous field point. It is established strictly to the infinite field question. So the BEM has the superiority to many actual problems, especially for the far field Rock and Soil engineering projects.

This article has consummated the elastic 3D-FSM•DDM IBEM numerical simulation system more completely based on the results which is researched and developed by the predecessors. And it also has researched and developed several 3D-FSM•DDM numerical simulation subsystem, i.e. the multi-medium 3D-FSM•DDM numerical simulation subsystem; the 3D-FSM•DDM coupling IBEM analysis subsystem with considering the joint slip and separation; the initial ground stress back analysis method and usable program based on the 3D-FSM IBEM with considering the influence of terrain and tectonic stress; the 3D-FSM•DDM BEM preprocessing subsystem and post-processing subsystem adapting to the master program of 3D-FSM•DDM IBEM numerical system. 

It has been proved that the 3D-FSM•DDM IBEM numerical simulation system is reliable and has high computing precision through the comparison and confirmation of many numerical examples and actual underground engineering. It has a strong applicability for the engineering problems, such as, the multi-medium question; the discontinuous rock-mass question which including joints, faults, cavities and so on; the far field initial ground stress forecasting, etc.. The research results have the extensive application prospect in the rock and civil engineering, especially in underground engineering numerical analysis. The result has higher academic value and actual appliance foreground.

When the 3D-FSM•DDM IBEM numerical simulation system is consummated, it will be a large-scale application software of 3D-BEM with the independent intellectual property rights. It will make the contribution to the correlation research and the application.
Keywords: Indirect boundary element method(IBEM); Fictitious stress method(FSM); Displacement discontinuity method(DDM); Joint element; Multi-medium; 
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1 绪 论
1 Introduction
1.1 引 言（foreword）
………………………………………………………………………………………………………………………………
1.1.1 线弹性力学的数值方法
线弹性力学问题归结为在给定的边界条件下，求解一组线性偏微分方程组。在理论上，这种边值问题有唯一确定的解，但一般难以求得解析解。除弹性力学平面问题的复变函数解法属于正演解法外，其余弹性力学问题都只能用逆解法或半逆解法。逆解法和半逆解法的成功率很低，不能满足工程的需要。为此，人们在不断寻求解决问题的新途径。
⑴ 差分法
    以前，在得不到解析解的时候，人们或者采用差分法，按差分格式离散以获得数值解；或者按问题特点，选取试函数，采用里兹法或伽辽金法等近似方法来获得近似解。
……………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………

2.4.2  边界积分方程式

考察由表面( 围成一个各向同性、线弹性均质体的区域
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刚体位移项。对于各向同性、均质且线弹性三维区域
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表面

上的虚拟应力分布为

，若忽略体积力与刚体的位移，则求解领域内点

的位移和应力的边界积分方程式为式(2.3)、(2.4)，边界上点S的位移和应力边界积分方程式为(2.5)、(2.6)。
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图2.5 弹性体受力示意

Fig. 2.5 Force sketch map of elastic body
…………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………….            


3.3.2 问题的模型化与模拟条件

上述解析解虽是二维模型，但根据G.Hocking[66]的理论，若空洞的长度为2.5倍断面尺寸以上时，中部断面内的应力分布可视为平面应变问题，即可采用上述的解析解。因此，数值模拟的模型就是按满足上述条件而确定的圆筒模型，在圆筒的中央断面上进行解析解和数值解的比较。
为便于对比说明，构造如下两类模型：

Ⅰ、一类是接触面两侧区域
[image: image23.wmf]l

R

与
[image: image24.wmf]m

R

的物理力学性质完全相同，即单一介质问题，但按多介质模型来进行数值模拟计算。

Ⅱ、另一类是接触面两侧区域
[image: image25.wmf]l

R

与
[image: image26.wmf]m

R

的物理力学性质不同，即多介质问题，为便于说明轴长对整个数值模拟结果的影响，取三个轴长和单元数不同的模型Ⅰ、Ⅱ、Ⅲ，按多介质模型来进行数值模拟计算。
各模型的计算条件如表3.1 所示，各模型的网格划分等参数如表3.2所示，模型的网格划分如图3.3所示。

表3.1  各模型的计算条件

Table 3.1 Calculating conditions of each model

	类  型
	Ⅰ、单一介质
	Ⅱ、多介质

	采用的模拟系统
	多介质
	多介质

	R１领域的弹性模量/(MPa)
	1000
	1000

	R2领域的弹性模量/(MPa)
	1000
	10000

	R１领域的泊松比
	0.25
	0.25

	R2领域的泊松比
	0.25
	0.25

	a/ (m)
	2.0
	2.0

	b/ (m)
	5.0
	5.0

	内压P/ (MPa)
	-1.0
	-1.0


………………………………………………………………………………………………………………………………
3.3.3 模拟结果与解析解的比较

类型Ⅰ是接触面两侧领域的物理力学性质完全相同，即单一介质问题，但采用多介质问题的数值模拟系统进行模拟，模拟的结果与解析解比较示于图3.4。
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图3.4 单一介质问题作为多介质问题的数值模拟结果与解析解的比较

Fig.3.4 Comparison between the result of numerical simulation and the analytic solution of the homogeneous problem as a non-homogeneous problem
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