可靠度理论在黄河大堤安全评价中的应用研究
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摘  要：对堤防工程进行安全评价分析,最基本的是要进行渗流及边坡稳定分析,而渗流及边坡稳定分析结果的是否合理与选择的土体参数具有极大的关系；由于黄河大堤工程地质条件复杂，土体参数具有极大的变异性，利用确定性方法将很难得出符合实际情况的结果。将可靠度理论应用于黄河大堤安全评价，可以充分考虑土体参数的变异特性，将使分析结果更加符合工程实际。对可靠度理论的基本方法进行了分析，对其在黄河大堤安全评价分析中的具体实施方法进行了研究，该方法具有极大的应用价值和创新性。
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1前 言

黄河下游是举世闻名的地上悬河，特别是近些年来，来水量持续偏枯，水少沙多，水沙关系不协调，而且黄河下游的游荡性河段还没有得到很好的控制，汛期会发生顺堤行洪的现象，甚至发生“横河”“斜河”的情况，严重威胁黄河大堤的安全；而且黄河下游大堤情况复杂，每段大堤的地质条件以及河势等具有不同特点，因此每段堤防的安全性如何？如何对堤防的防洪安全做出客观的符合实际情况的评价等一直是人们所关心的问题。对堤防工程进行安全评价分析,最基本的是要进行渗流及边坡稳定分析,而渗流及边坡稳定分析结果的是否合理与选择的土体参数具有极大的关系,由于黄河堤防工程地质条件复杂，大堤堤身经多次加高培厚，土质均一性差，即使同一种土，其物理力学指标也相差很大。针对某一断面进行渗流及边坡稳定安全评价时，仅凭少量地质勘探资料进行计算分析，将很难符合实际情况。在很多情况下，甚至分析不出问题。可靠度理论可以解决上述问题，它是建立在概率统计的基础上，可以充分考虑土体参数的变异特性，使分析结果更加符合工程实际。可靠度理论的基本点是将影响工程安全的因素视为随机变量，建立功能函数，求解失效概率或可靠度，以此来评价工程的安全性。不言而喻，利用这一理论首先要积累大量的试验资料，并据此研究影响工程安全的各种因素的概率分布规律，其次需要进行大量的计算。目前黄河大堤经多次勘探已积累了数量可观的有关资料数据，大容量高速度计算机也已普遍使用。因此，利用可靠度理论研究黄河大堤安全评价问题的条件已经具备。

2可靠度分析方法简介

2.1 可靠度分析基本方法

    目前常用的可靠度分析方法主要有一次二阶矩法、随机有限元法、概率矩点估计法（又称Rosenblueth法）、蒙特卡罗随机模拟方法等。

（1）一次二阶矩法

一次二阶矩法是采用只有均值和标准差的数学模型去求解结构可靠度的方法，具体地说就是将工程结构功能函数按Taylor级数展开，忽略高阶项，仅保留线性项，再利用基本随机变量
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的一阶矩、二阶矩求取均值
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和标准差
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，从而确定工程结构的可靠指标。由于这一方法是将非线性的功能函数作了线性化处理，所以是一种近似计算可靠指标的方法，但由于其简便明了，又具有很强的适用性，而在工程实际中得到了较广泛的应用。基于一次二阶矩的方法主要有中心点法、验算点法（
[image: image4.wmf]JC

）、映射变换法及实用分析法等4种。

（2）随机有限元法

由于工程各方面的实际问题受大量随机因素的影响，土体的变化关系具有很强的非线性和统计参数的变异性，许多学者致力于随机有限元理论在工程中应用的研究。随机有限元简单地说就是应用限元法分析随机结构的问题，根据推导随机有限元控制方程的方法不同，随机有限元可分为Taylor级数展开法随机有限元、摄动法随机有限元、以及Neuman级数展开Monte-Carlo法随机有限元。这几种方法都是围绕随机算子和随机矩阵的求递问题展开的。

（3）概率矩点估计法

    墨西哥人Rosenblueth于1975年提出通过点估计的方式来计算岩土工程中的可靠指标
[image: image5.wmf]b

，1981年他又对这一方法进行了完善和理论化，所以概率矩点估计法通常又称为Rosenblueth法。它主要是根据输入随机变量的前三阶矩（均值、方差、偏态系数）来近似地描述极限状态函数的概率矩，不必预先知道输入随机变量的精确分布。Rosenblueth法要求在某几个点上估计功能函数的值，这些点根据一定的原则由随机变量的均值以及标准差生成，根据点估计的功能函数值即可通过计算公式确定可靠指标。

（4）蒙特卡罗法

蒙特卡罗法的基本原理就是首先对各随机变量进行大量抽样，然后代入计算模型功能函数中，计算结构失效次数占总抽样次数的百分数即为其失效概率，进而求出可靠指标。

2.2可靠度方法比选分析
基于对几种可靠度理论基本分析方法的分析研究，分别对每种方法的特点进行扼要介绍。（1）一次二阶矩法是近似计算可靠指标最简单的方法，但其利用泰勒级数展开式，忽略了高次项，因此是一种近似的计算方法，而且还有一些应用的限制条件，如中心点法仅适用于基本变量服从正态或对数正态分布，且结构可靠指标
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=1～2的情况。但目前许多学者对本方法进行了改进，因其计算简便，在一些精度要求不高的工程中得到了广泛应用。（2）随机有限元法是采用有限元与概率统计相结合的方法，由于有限元法本身全离散的特性，使问题求解的未知数大大增加，因而无论是基于摄动解或一次二阶矩的随机有限元，还是基于统计方法的随机有限元，都不可避免地存在着计算量过大和精度不易控制的问题，虽然近年一些学者如吴世伟、刘宁、龚晓南等对随机有限元法进行了深入的研究，但实际应用中具有复杂性。（3）概率矩点估计法具有不必预先知道输入随机变量的精确分布，应用方便的特点，但其精度和实用性还有待进一步深入研究。（4）目前，蒙特卡罗法在可靠度分析中得到了广泛而深入的应用，其优点是回避了结构可靠度分析中的数学难题，不需考虑功能函数的非线性和极限状态曲面的复杂性，为解决许多难以用传统的数学方法进行处理的复杂问题提供了一条有效而又可行的途径。与其它可靠度分析方法相比，具有相对精确的特点，只要模拟的次数足够多就可以得到一个比较精确的失效概率和可靠指标；同时，蒙特卡罗法分析可靠度问题，受问题条件限制的影响较小，其收敛性与极限状态方程的非线性、变量分布的非正态性无关，适应性强，而且由于思路简单，易于编制计算程序。缺点是计算工作量大，效率较低，但随着抽样技术的改进和计算机硬件水平的提高，这一缺点正在大大弱化，该方法的应用将越来越广泛。

根据以上分析，利用蒙特卡罗方法进行黄河大堤渗流及边坡稳定问题的分析具有一定的优越性，因此选用蒙特卡罗方法进行黄河大堤安全评价问题的分析研究。

3 可靠度理论在黄河大堤安全评价中的实施方法

3.1 边坡稳定可靠度分析

3.1.1边坡稳定可靠度分析原理简介

在工程结构可靠度分析中，结构的极限状态方程通常用功能函数来描述，当有
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个随机变量
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影响结构的可靠度时，功能函数可用下式表示：
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当
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时，结构处于可靠状态；
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时，结构处于极限状态；
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时，结构处于失效状态。

结构失效概率表示为：
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 EMBED Equation.3  [image: image14.wmf]dz
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式中，
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为失效概率，
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为均值，
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为标准差，
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为可靠指标，
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为标准正态函数。

在边坡稳定分析中，其功能函数通常表示如下：
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式中，
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为抗滑力矩，
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为滑动力矩，
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为安全系数。
边坡可靠指标表示如下：
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式中，
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分别表示安全系数的均值和标准差。

3.1.2边坡稳定蒙特卡罗法计算程序编制

由上可知，蒙特卡罗法与其它方法相比具有编程简便、结果精确度高等更多优点，且其计算工作量大的缺点在今天计算机性能大幅提高的情况下已基本得到解决，所以我们选用了蒙特卡罗法进行边坡可靠度分析的计算，同时边坡稳定分析模型应用经典的极限平衡理论，采用了毕肖普法和瑞典法。编程步骤如下：

1）输入各随机变量统计特征和分布类型；

2）采用协方差矩阵将相关变量空间转换为不相关变量；

3）随机产生一组均匀数并生成服从变量分布规律的一组参数；

4）通过逆变换生成初始变量互不相关的一组参数；

5）分别代入毕肖普和瑞典法功能函数，重复
[image: image28.wmf]N

次，统计失效次数，并计算失效概率；

6）检查失效概率的稳定性，必要时增加抽样次数
[image: image29.wmf]N

，重复计算；

7）按失效概率计算可靠指标。

3.2渗流稳定可靠度分析
3.2.1 渗流控制设计适用原则和随机变量的确定

按照水工结构极限状态设计原则，水工结构应按承载能力极限状态和正常使用极限状态进行设计。相关标准规定当土石结构或地基产生渗透失稳时，为超过了承载能力极限状态情形之一。因此对黄河大堤渗流稳定性分析时对应于承载能力极限状态，并应符合有关标准的要求。

当利用可靠性理论研究渗流稳定性时，原则上是将荷载效应或称作用效应以及材料特性及结构的几何尺寸等视为随机变量。鉴于黄河大堤的复杂性和不确定性主要在于堤身和堤基土壤材料特性，为使问题不过于复杂，同时又抓住问题的本质，因此仅将土壤渗透系数和密度视为随机变量，而将大堤上下游水位及其断面尺寸视为确定值，来研究黄河大堤渗流稳定性。

3.2.2渗流稳定性功能函数与渗透破坏概率

当采用有限单元法分析渗流稳定性时，研究的对象是可能破坏区域内的每个土体单元。由于黄河大堤土壤基本上属于非管涌土，因此按下式判断背河堤脚以外区域单元土体的渗透稳定性：
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式中R为作用于被研究单元底面上的有效土重；S为作用于被研究单元底面上的渗透压力。

由于土壤密度的随机性，因此R是一随机变量；同样当大堤上下游水位和断面尺寸被确定后，S仅由大堤堤身和堤基的渗透性所确定，当土壤渗透性参数为随机变量时，S也为一随机变量，虽然S与土壤渗透性参数的函数关系不能用显式写出。

实际上上式即为研究大堤渗流稳定性的功能函数。

当Z=R－S＞0时，土体单元处于渗流稳定状态；当Z=R－S=0时，土体单元处于渗流极限状态，此式即土体渗流极限状态方程；当Z=R－S＜0时，土体单元处于渗流失效状态，由于土壤渗透失稳时称为渗透破坏，故本文称为渗透破坏状态。

如果能求出R、S的概率分布函数（概率密度函数），则土壤渗透破坏概率可由下式求出：
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式中，
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为S的概率分布函数；
[image: image33.wmf])

(

r

f

R

为R的概率分布函数；
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为土壤渗透破坏概率；
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为土壤渗透稳定可靠度。

可见，
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=1。
3.2.3 破坏概率与安全系数的关系

当R、S为两个随机变量，其均值分别用
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表示，标准差分别用
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表示。则功能函数Z的均值与标准差分别为
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当R、S均为正态分布随机变量时，功能函数Z亦为正态分布随机变量，Z＜0的概率，即破坏概率为
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上式可变为
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由上式可见，t是标准随机变量，
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仅为积分上限的函数。

因此可记为
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引入可靠指标
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则，
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可以导出可靠指标与可靠度Pr的关系：


[image: image51.wmf])

(

)

(

1

1

b

f

b

f

=

-

-

=

-

=

f

r

P

P

                                          (12)
由（7）、（8）式代入（11）式得：
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以下讨论可靠指标与安全系数的关系，由安全系数的定义：
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对（12）式进行变换：
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由于
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VR、VS为随机变量R、S的变异系数。

因此（13）式变为：
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可见，可靠指标不仅与安全系数有关，而且与随机变量的变异系数有关，也即安全系数确定后，工程结构的可靠度或破坏概率与随机变量的分布规律有关，并不是一个常量。因此从统计学观点看，传统的安全系数存在两个问题：一是没有考虑影响工程结构安全因素的随机性质，而靠经验或工程判断方法取值，带有主观因素；二是安全系数只与R和S的均值有关，这种表达方式不能反映工程结构实际破坏情况。

应当指出，上述结论是在R、S为正态分布随机变量条件下得到的，如果R或S为非正态分布随机变量，则结论仍会有一定的近似。对于渗透稳定分析，单元渗透压力取决于各土层的渗透系数，它是渗透系数的复杂函数，而渗透系数为对数正态分布。所以作为这些随机变量函数的总渗透压力不一定是正态分布。因此在以下的研究中直接用破坏概率来表达黄河大堤渗流稳定性。

3.2.4 渗流有限元计算的蒙特卡罗法

由概率定义知，某事件的概率可用大量试验中该事件发生的频率来计算。因此，可以先对影响渗流稳定可靠性的随机变量进行大量随机取样，然后用这些抽样值一组一组进行渗流有限元计算，得出被研究单元总渗透压力（S），再与该单元底部的有效土壤重（R）比较，确定是否发生渗透破坏,从而计算出渗透破坏频率，即得到该土体单元的破坏概率。

设抽样数为N，每组抽样值的功能函数值为Zi，若Zi≤0的次数为L，则渗透破坏概率为
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因此在蒙特卡罗法中的破坏概率等于破坏频率。为使上式达到一定的精度，N就必须取得足够大，根据文献[2]


[image: image59.wmf]f

P

N

/

100

³

                                                        （20）
参考文献中取
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 =10-3，因此N=105。也即每完成一个断面的渗流稳定可靠性分析须进行10万次渗流计算。
用蒙特卡罗法计算可靠度问题的关键是求已知分布随机变量的随机数。一般须分两步进行。首先在开区间（0，1）上产生均匀分布随机数，然后在此基础上变换为给定分布变量的随机数。作如下变换即得到正态分布的随机数。

设随机数un和un+1是（0，1）上两个均匀随机数，则
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是标准正态分布N（0，1）上的两个随机数。

如果随机变量x是一般正态分布N（mx，σx）则
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而xn，xn+1是两个符合N（mx，σx）分布的随机数。

对于对数正态分布的随机变量，则利用随机变量取自然对数后的均值和标准差，再利用公式求得对数值。然后取反对数，即得对数正态分布随机数。

为实现蒙特卡罗法渗流有限元计算，利用原有渗流计算程序研制了该法计算程序。

4 结 语
(1)可靠度理论是建立在概率统计分析的基础上，充分考虑了功能函数中计算参数的随机变异性及其相关性，比安全系数法更能反映工程实际，在对堤防工程的安全评估方面，具有极其重要的推广应用价值。

（2）黄河大堤的安全问题一直是人们非常关心的，但用经典的确定性分析方法往往难以模拟。采用可靠度理论成功揭示了堤防在渗流及边坡稳定方面存在的问题，与实际出险情况较为吻合，为堤防除险加固设计提供了理论依据。

（3）把可靠度理论应用到黄河大堤安全评价渗流及边坡稳定计算分析中进行了研究工作，给出了具体的实施方法，该方法具有可行性、创新性。
（4）由于可靠度理论本身的复杂性，以及堤防工程安全评价方法还没有形成完整的体系。可靠度理论用于堤防工程安全评价方面的研究，仍还处于初级阶段，今后可引入随机场理论，有望得出更为合理成果。因此,需要进一步对可靠度理论在堤防工程安全评价中的应用进行系统而深入的研究。
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Study on Application of Reliability Theory to Safety Evaluation of the Yellow River Dike 

Zhao Shou-gang1, Chang Xiang-qian1, Yang Xiao-ping1,Yuan hua2
(1.Yellow River Institute of Hydraulic Research, Zhengzhou,450003,China; 2. Hydrology Bureau of Yellow River Conservancy Commission,Zhengzhou, 450003, China)
Abstract:For evaluating the safety of the dike, it is necessary to carry out the seepage and slope stability analysis.The results of seepage and slope stability analysis are much related to the geotechnical parameters.On account of the complex geological conditions and the great variability of soil parameters of the Yellow River dike.It is very hard to come up with actual results by deterministic methods.If reliability theory is applied for safety evaluation of the Yellow River dike, the variability of the parameters of soil properties can be fully considered.The results will be more in according with the engneering practice. By analyzing the basic methods of reliability theory and studying the specific implementation methods for the safety evaluation of the Yellow River dike, it’s much valuable and innovative for applying the method.
Key words: Reliability theory; Seepage; Slope; Safety Evaluation; Monte Carlo method

1 Introduction

The Yellow River is a world-famous suspended channel.And especially in recent years, continuing water volume is becoming dry,and there are less water and more sand in the river. Relationship between water and sediment are uncoordinated. As the wandering reach of the lower Yellow River has not been well controlled, flood embankment, even some horizontal and slanting streams will happen in the flood season.It will be serious threat to the safety of the Yellow River dike.As conditions of the lower Yellow River dike are complex, what’s more, the geological conditions of each section dike and river regime have different characteristics. Therefore how is safety of each dike? And how to realize objective evaluation of the problem is always a concerned for people.For evaluating the safety of the dike, it is necessary to apply the seepage and slope stability analysis. Whether the results of the seepage and slope stability analysis are reasonable ,it’s great related to the soil parameters.On account of complex geological conditions of the Yellow River dike and several Heightening thick of the levee, homogeneous nature of the soil is poor.Even if the same type of soil, its physical and mechanical indicators are also much difference. In view of safety evaluation of the seepage and slope stability of a certain section from the small number of geological exploring data analysis alone,it will be difficult to be fit to the actual situation. In many cases, even nothing can be analyzed. Reliability theory can solve the above problem. Based on statistical probability,it can fully consider the variation of soil parameters .The result of analysis will be much corresponded to the reality. The basic points of reliability theory are to make the factors affecting safety as random variables, forming the function and solving reliability or failure probability and evaluating the safety of the project.It goes without saying that if using the theory, firstly a large amount of test data need to be accumulated. According to the data, the probability distribution of the various factors affecting project safety are studied, followed by the need for a lot of computation. Now it has accumulated a large quantity of data by several exploration for the Yellow River dike. Large-capacity and high-speed computer has been widely used. Therefore, for applying reliability theory to safety evaluation of the Yellow River dike, the conditions have been matured. 

2 Introduction of reliability analysis methods

2.1 Reliability analysis methods

At present,reliability analysis methods include mainly Linear second order moment method, stochastic finite element method, Probability moment point estimation method (also known Rosenblueth), Monte-Carlo simulation method.

 (1) Linear second order moment method 

Linear second order moment method uses only mathematical model of the mean and standard deviation to solve the structural reliability.Specifically structure function is to work according to Taylor with neglecting high-level item and only retaining linear element.The mean and standard deviation are obtained by using first order moment and second order moment of basic random variables
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, then determining the reliable index of the project structure. Because this approach is to deal with the nonlinear function for linear function, it is an approximate calculation method of reliable index.But because of its concision and strong applicability, it has been widely used in engineering practice. The four methods are based on the linear second order moment. 

(2)Stochastic finite element

Because a large number of practical project problems are influenced by random factors. The relationship between the soil and statistical parameters has great nonlinear variation. Many scholars were committed to the application of finite element theory in engineering research. It says simply that stochastic finite element is a method of applying the finite element method to analyze the problem of random structure .According to the different methods of deriving the equations,stochastic finite element method can be divided into Taylor stochastic finite element, finite element random perturbation method, the random finite element of Neuman Series Monte-Carlo method. The several methods are expended around this stochastic operator and random matrix in the delivery issue.

(3)Probability moment point estimation method 

Mexicans Rosenblueth brought forward to calculate the geotechnical engineering reliablity index by point estimate method in 1975.In 1981 he improved this method and theory.Therefore, the probability moment point estimation method usually called Rosenblueth method. It is primarily based on front three moment of the random variable (mean, variance, skewness coefficient) to describe the probability moment of limit state function.It need not know the precise distribution of the random variable in advance. Rosenblueth method requires some certain number of points to estimate value of the function. These points are generated from the mean and standard deviation of random variables by some certain principles. According to the function value of point estimate can determine reliable index by calculating formula .

(4) Monte Carlo method

The basic principle of Monte Carlo method is firstly to take out a large-number sample,then taking into the model-function, the calculating failure times are the percentage of the total samples,consequently the reliable index can be obtained.

2.2 Analysis election of reliability method

Based on study of some basic reliability theory analysis methods, the characteristics of each method were discussed briefly. (1) Linear second order moment method is a simple method of approximate calculation reliable index.But using Taylor series expanding to ignore the high-power, so it is an approximate calculation method, and there are some restriction conditions. For example , central point method adapts only to the condition of normal or log-normal distribution and the structural reliability index
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=1～2. But many scholars have improved the method.Because the calculation is simple,the method has been widely used for some low required projects. (2) Stochastic finite element method uses the finite element method with the combination of probability and statistics. Due to the whole discrete characteristic of finite element method itself, unknown factors of solving the problem are greatly increased, thus not only the stochastic finite element based on the perturbation solution or linear second order moment, but also the stochastic finite element based on statistic method have all inevitably the problem of control accuracy and more calculation labour. Although in recent years some scholars such as Wu Shiwei, Liu Ning and Gong Xiaonan etc. all study deep to the stochastic finite element method. However, it’s still complexity for the actual application. (3) Rosenblueth method has the features that can not know in advance the random variable and the exact distribution of convenient,but, its accuracy and practicality still need further study.(4)Now the Monte Carlo method has been used widely and deeply in reliability analysis.The advantage is that it avoides the mathematical problems of structural reliability analysis without considering the nonlinear function and the complexity of limit state surface.For solving many difficult problems that can’t be dealed with by using traditional mathematical methods ,it provide an effective and feasible way. Reliability analysis compared with other methods, it is relatively precise. It can obtain more accurate and reliable index of the failure probability by only sufficient number of simulation.Meanwhile,by applying Monte Carlo to analyze the reliability problems,the influence restricted by is more smaller,Its convergence and ultimate state of nonlinear equations aren’t related to the variables of the non-normal distribution.It has the advantage of the high adaptability and simple ideas and easy preparation program. The drawback is high workload and less efficient.But with the improvement of sampling technique and computer hardware level, this shortcoming is greatly weakened.The method will be used widely. 

Based on the above analysis, it has some advantages for applying Monte Carlo method to analyze seepage and slope stability of the Yellow River dike. Monte Carlo method should be selected for the safety evaluation analysis of the Yellow River dike. 

3 Implementation method of reliability theory to safety evaluation of the Yellow River dike 

3.1 Reliability analysis of slope stability 

3.1.1 Principle of reliability analysis of slope stability 

In the reliability analysis of the engineering structure, the structure limiting condition equation can usually be described by function, when n random variable 
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When
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, the structure is at the reliable condition; When
[image: image70.wmf]0

=

Z

, the structure is at the limiting condition; When
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Structural failure probability is expressed as: 


[image: image72.wmf])

0

(

<

=

Z

P

P

f



 EMBED Equation.3  [image: image73.wmf]dz

z

z

z

z

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

-

=

ò

¥

-

2

0

2

1

exp

2

1

s

m

s

p



 EMBED Equation.3  [image: image74.wmf](

)

b

f

s

m

f

-

=

÷

÷

ø

ö

ç

ç

è

æ

-

=

z

z

          (2)

Where 
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 is the reliable index;
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is the standard normal mode function.

In slope stability analysis, and its function can be indicated as follows : 
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Where 
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Slope reliable indicator can be indicated as follows : 
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Where 
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expresses average value and the standard deviation of the safety coefficient separately. 

3.1.2 Monte Carlo Calculation Program of Slope stability

    From the above result, compared the Monte Carlo method with other methods,it has the programming simple and the results of higher precision.Although,it has the shortcomings of workload substantially, with improving the performance of today's computer,the problem has basically been solved.Therefore, we choose the Monte Carlo method for reliability analysis of the slope.Meanwhile It applies classical limit equilibrium theory (the Bishop and Sweden)for slope stability analysis model. The following steps of Programming are described as follows: 

1) Inputting the distribution type and statistic characteristic of each random variable.

2) Related variables will be converted to non-space-related variables by covariance matrix method.

3) Generating a uniform random number and a group of variable parameters of obeying distribution.

4) Obtaining a group of parameters of independent initial variables by inverse transform.

5) Incorporating into the Bishop and Sweden function, repeating n times, calculating statistical failure rate and the failure probability.

6) Checking failure Probability stability ,if necessary, increasing the sample number and calculating repeatedly.

7) Calculating reliability index as the failure probability.

3.2 Reliability analysis of seepage stability

3.2.1 Principle of seepage control design and random variables defined 

According to limit state design principle of hydraulic structure, hydraulic structure should be designed as the limit state and normal limit carrying capacity. When it occurred unstable to due to seepage in the soil-rock structure or foundation as the related standards regulation,it is regarded as exceeding the limit carrying capacity. Therefore analyzing seepage of the Yellow River dike, the limit carrying capacity state should be considered and can be conform to the relevant standards.

When using the reliability theory to study the seepage stability, the loading effect, material properties and structure geometry are all regarded as random variables. As the complexity and uncertainty of the Yellow River levee are mainly caused by the soil material properties of dike reaches and foundation.For making the problem easier and grasping the essence of the problem,so the soil density and permeability are only regarded as random variables.But the downstream water level and the cross-sectional dimensions are determined as certain value in order to study the seepage stability of the Yellow River dike.

3.2.2 Seepage stability function and seepage failure probability

When using the limited unit method for analyzing seepage stability, the research object may be each soil unit of destroyed area.Because the main soil of the Yellow River dike basically belongs to the non-piping earth, therefore the seepage stability of the unit soil body outside the back stream bankfoot are judged as the following equation:
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where R is the effective soil weight loaded on the unit bottom surface;S is the osmotic pressure on the unit bottom surface.

Due to the randomness of soil density, R is a random variable; When upstream and downstream water level and cross-sectional dimensions of the dike were determined, the S value is only obtained by the permeability of the foundation and reaches of levee.When the soil permeability parameters are random variables, the S value is random variable too. Although functional relation between S and soil permeability parameters can not written as explicit formula.

In fact,the above formula is the function of studying seepage stability of levee.

When Z=R-S>0, the soil units are in steady state of seepage; When Z=R-S=0, the soil units are in   limit state, the formula is the equation of limit state of soil seepage; When Z=R-S<0, the soil units are in state of failure.As results of instability in soil infiltration,it can be called the state of infiltration damage. If  R and S, the probability distribution function (probability density function) are calculated, the soil infiltration damage probability can be obtained as follows: 
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Where 
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Obviously ,
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3.2.3 Relation between failure probability and safety factor

   When R and S are two random variables, its average values are indicated as 
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When the R and S are random variables of normal distribution,Z-function is also random variable of normal distribution.The probability of Z<0 is namely the damage probability 
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The above equation can be changed
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From the above formula,the value of t is a standard random variable；
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 is a ceiling integral function. Therefore it can be credited as 
[image: image105.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

z

z

f

m

P

s

f

 

Introducing reliable indicator 
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Then 
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The relation between reliable index and reliability(Pr) can be deduced:
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Putting (7) and (8) type into the formula of (11) ,obtained:
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Discussing the relation between reliable index and safety factor, and definiting for safety factor: 


[image: image110.wmf]S

R

m

m

K

=

                                                        (14) 

Transforming the type of (12):  
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As
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VR and VS are variation coefficient of random variable R and S .

Therefore, (13) the formula is given: 
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It shows that the reliability index is not only related to the safety factor, but also variation coefficient of the random variable.After the safety factor is determined, the reliability of engineering structure or damage probability are related to the distribution of random variables.It isn’t a constant. So from statistical view,there are two problems in the traditional safety factor.Firstly,it doesn’t consider randam properties affecting the safety factors of engineering structure,and only depending on experience or engineering judgment. It has subjective factors. Secondly, the safety factor is only related to the average value R and S. This method can’t reflect the actual structural damage. 

It should be noted that the above conclusions are obtained when R and S are the random variables of normal distribution. If R or S is random variable of non-normal distribution, the conclusions are still approximate. For seepage stability analysis, the unit osmotic pressure depends on the soil permeability coefficient.It is a complex function. But the permeability coefficient is log-normal distribution. So function of total osmotic pressure is not necessarily normal distribution. Therefore, failure probability directy express seepage stability of the Yellow River dike in the following research. 

3.2.4 Monte Carlo finite element method of seepage calculation

 Known from the definition of probability, the probability of some incidents can be calculated by the frequency of the incident from large number of tests. Thus, a large number of random samples may firstly be chose from random variables of affecting the seepage stability reliability, Then analyzing seepage calculation of finite element method for each group of random value, the total osmotic pressure (S) of unit can be obtained by the research. Then comparing with the bottom effective soil weight (R), determining whether seepage failure will occur. And calculating the damage frequency,lastly the failure probability can be obtained.

Supposing the sampling number(N), function value of each group of sampling is Zi, if time of Zi≤0 is L, then the seepage failure probability is
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Therefore, the failure probability of the Monte Carlo method is equivalent to failure frequency. For making above formula has certain accuracy, N must be given enough large.According to reference [2] 
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Given
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 =10-3, so N=105.. when finishing complete reliability analysis of each section , the seepage stability must be calculated for 100,000 times. 

The random number of known distribution is the key to Monte Carlo method for calculating reliability. Generally it is divided into two steps. Firstly generating random number of uniformly distributed is in the interval (0,1). on the basis, transforming into the random number of given distribution.The random number of normal distribution can be obtained by the following transformation.

Supposing random number un and un+1 are two even random numbers in(0,1), then
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 are two random numbers of standard normal distribution N (0,1).If the random variable x belongs to generally normal distribution N（mx，σx）,then
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xn and xn+1  belong to random number of N（mx，σx）distribution.

    For random variables of log-normal distribution, using the mean and standard deviation of the random variables after changing by nature logarithm, then obtaining the logarithm values by the formula. Then taking objection logarithm, a random number of log-normal distribution can be obtained.

    For realizing the seepage calculation of Monte Carlo finite element method, calculating program is writed on basis of original program. 

4 Conclusion

 (1) Reliability theory is established on the basis of probability statistical analysis, fully considering the random variability and correlation of parameters in function.It reflects the engineering practice more than the safety factor method.It has extremely important value on the safety assessment of the dike project.

 (2) Safety of the Yellow River dike is always the great concern problem for people. However, the classical deterministic analysis methods are often difficult to simulate. By adapting reliability theory,the problems in the seepage and slope stability of the dike are revealed successfully.And it coincides with the actual danger situation.It can provide the theoretical basis for design of dike reinforcement. 

(3) The study work is applying the safety evaluation of reliability theory to stability analysis of the seepage and slope.The concrete implementation is given.And the method is feasible and innovative.

 (4) As the reliability theory is complex and dike safety evaluation system is not yet complete. Reliability theory for the safety evaluation of the dike is still at the preliminary stage.With the introduction of the random field theory in the future, more reasonable results are expected to draw. Therefore, it is necessary to further study the reliability theory application for safety evaluation of the dike systematicly and deeply. 
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