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ARTICLE INFO ABSTRACT
Keywords: A novel framework of reliability analysis was developed in this study to consider the uncertainty of geomaterials
Geomechanics and geological conditions by combining the reduced-order model (ROM), reliability analysis, and numerical

Reduced-order model
First-order reliability method
Monte Carlo simulation
Uncertainty

model. The reliability method was used to determine the reliability index using the simplicial homology
global optimization (SHGO) based on the ROM. The developed method was verified and illustrated using three
numerical examples and a simple slope. The limit state curve in all three numerical examples was in excellent
agreement with the actual curve. The reliability index and failure probability were also in excellent agreement
with those of the actual limit state function using the first-order reliability method (FORM) and Monte Carlo
simulation, respectively, indicating that the ROM method can present the limit state function well. The results
showed that the developed method is feasible and effective for reliability analysis of geotechnical and geological
engineering problems with a complex, nonlinear, and implicit limit state function. Furthermore, the developed
method is effective, efficient, and accurate for reliability analysis. It provides an excellent way to approximate
the limit state function to avoid the time-consuming numerical model in a practical engineering system.

1. Introduction

Uncertainty is one of the most important factors affecting design, stability analysis, and the failure of the engineering system. The probabilistic
approach to uncertainty analysis is one of the most reliable and widely used approaches in engineering systems (Panthi and Nilsen, 2007). In
the probabilistic approach, the reliability analysis method has become a significant research field in past decades. It has broadly been used to
measure the safety of the engineering system in uncertain conditions. Reliability analysis aims to compute the reliability index and estimate the
failure probability of the engineering system. Geomechanics and geotechnical engineering are more complex than other engineering systems because
geomaterials, such as rock and soil, are the natural geology media formed by the geological processes. Uncertainty is the intrinsic characteristic of
geomaterials. Reliability analysis has attracted more and more attention in geomechanics and geotechnical engineering in the last decades (Hoek,
1998; Deng et al., 2005; Li and Low, 2010; Mollon et al., 2009; Tsompanakis et al., 2010; Lv and Low, 2011; Zhao et al., 2014; Li et al., 2015a,b;
Zhang and Goh, 2018; Leon and Garduno, 2020; Zhao, 2022).

In order to calculate the reliability index, various reliability analyses have been developed for the engineering system. In the early stage of
reliability analysis, moment-based methods, such as the first-order reliability method (FORM) (Ji et al., 2018) and the high-order moment method
(Zhao and Lu, 2007), were developed to estimate the reliability index. Recently, a hybrid iterative conjugate approach was developed for fuzzy
reliability analysis of stiffened panels by combining the first-order reliability method and adaptive dynamical harmony search optimization (Zhu et
al., 2020a). A simpler and more efficient approach was developed to evaluate the most probable point using the cumulative distribution function
of basic random variables for reliability problems with non-normal random variables (Zhu et al., 2020b). These methods can obtain the reliability
of the engineering system with less computing cost, but in these methods, derivative information of the limit state function must be known. In
this regard, the major challenge is that there is a large error in the complex and nonlinear limit state function. This is because it is challenging
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to get the derivative information special to the implicit limit state function such as that for geotechnical and geological engineering problems.
Simulation-based methods, such as Monte Carlo Simulation (MCS) (Ditlevsen and Madsen, 1996), importance sampling (IS) (Au and Beck, 1999),
and subset simulation (SS) (Hsu and Ching, 2010), are broadly utilized to calculate the failure probability of an engineering system because of
their great accuracy and their avoidance to compute the derivative information. Luo et al. (2022) developed a hybrid enhanced MCS approach to
accurately approximate failure probability with high-efficiency computations based on the machine learning method. However, the disadvantage of
simulation-based methods is that they generally need a high computational cost. Thus, it is challenging to implement a large-scale practical project
and limits the application of these methods in engineering. The surrogate model received more attention in practical engineering applications to
improve the efficiency and accuracy of reliability analyses. There are various surrogate models, such as the polynomial response surface method
(RSM) (Cheng and Lu, 2018), Artificial Neural Network (ANN) (Karunanithi, 1992), Support Vector Machine (SVM) (Bourinet et al., 2011), and
Polynomial Chaos Expansion (PCE) (Lophaven et al., 2002). In geotechnical and geological engineering, it is not easy to obtain an analytical solution,
and therefore, the numerical solution is widely adopted. The surrogate model provides an excellent way to approximate the solution of geotechnical
and geological engineering problems using a numerical model (Li et al., 2016).

The response surface method is commonly used to construct a surrogate model in reliability analysis. Various response surface methods have
been developed for the reliability analysis of geotechnical and geological engineering problems. Quadratic polynomials without cross-terms were
adopted in the reliability analysis of geotechnical engineering problems based on the RSM (Xu and Low, 2006; Zhang et al., 2011; Ji and Low,
2012; Tan et al., 2013; Li et al., 2015a,b). Lv and Low (2011) performed the probabilistic analysis of underground rock excavation using the
RSM and the second-order reliability method (SORM) (Lv and Low, 2011). The Kriging-based response surface was adopted to simulate performance
functions. This response surface was successfully applied to solve several geotechnical reliability problems (Zhang et al., 2011). The high dimensional
model representation (HDMR) was used to approximate the limit state function to establish the RSM for geotechnical and geological engineering
applications (Chowdhury and Rao, 2010). However, it is difficult to approximate the complex nonlinear function using polynomial RSM in practical
geotechnical and geological engineering problems. With the development of computational intelligence, artificial intelligence was employed to
approximate the limit state function for reliability analysis of geotechnical and geological engineering problems to enhance the efficiency and
performance of the RSM. Deng et al. (2005) proposed an ANN-based second-order reliability method and an ANN-based Monte Carlo simulation
method (Deng et al., 2005). Cho developed an ANN-based RSM for slope reliability analysis (Cho, 2009). Zhao proposed the reliability analysis
of the tunnel by combing the least square support vector machine and FORM (Zhao et al., 2014). An artificial bee colony algorithm was adopted
to determine the SVM model to enhance the performance of SVM and then the SVM model was utilized to build the RSM for reliability analysis
of slope (Kang and Li, 2016). To reduce the number of evaluations of the actual performance function, Zhao et al. (2017) developed an adaptive
sampling method and combined it with the least square support vector machine to build the RSM to improve the efficiency of reliability analysis
for geotechnical and geological engineering applications. Tan et al. (2011) built the ANN-based RSM and SVM-based RSM for geotechnical and
geological engineering applications, respectively, and compared their similarities and differences. However, artificial intelligence (including ANN,
SVM, etc.) has some inherent drawbacks, such as their slow convergence, a less generalized performance, arriving at a local minimum, and over-
fitting problems. These limits will be detrimental to the engineering application of artificial intelligence, especially in the case of practical, complex
geotechnical and geological engineering.

Determining the surrogate model is an important step in the reliability analysis of geotechnical and geological engineering problems. The
development of the surrogate model enhanced the efficiency of the reliability analysis of large-scale practical geotechnical and geological engineering
problems. Li et al. (2022) reviewed the recent reliability analysis advances of engineering application in aeroengine rotor systems and highlighted
the importance of surrogate models in practical engineering applications. However, the traditional surrogate model, such as RSM, does not reflect
the physical mechanism of geotechnical and geological engineering problems. Meanwhile, not only the reliability index and probability of failure
have to be determined, but also the fields of stress and deformation are important for the design and construction in geotechnical and geological
engineering. The traditional surrogate model only obtains information about the discrete stress or deformation on several key points. Therefore,
it is difficult to obtain the total stress and deformation fields using this classical approach. The development of the data sciences provides a good
way to reveal the mechanism behind the data (LeCun et al., 2015). Data sciences have been successfully applied in the field of medicine (Veer
and Bernards, 2008), energy (Severson et al., 2019), biology (Alipanahi et al., 2015; Huys et al., 2016), and geoscience (Markus et al., 2019). The
physics-based reduced-order model containing some information about geotechnical and geological engineering challenges was developed recently
(Zhao and Chen, 2021).

The proper orthogonal decomposition is a popular physics-based reduced-order model that has been successfully used in many engineering fields
(Fic et al., 2006; Cizmas et al., 2008; Freno and Cizmas, 2014). In this study, simplicial homology global optimization (SHGO) was chosen as an
optimal method and was employed to determine the reliability index based on the FORM. The proper orthogonal decomposition was adopted to
construct the reduced-order model (ROM) to generate the surrogate model. Then, a novel reliability analysis framework was developed by combining
the reliability analysis method, SHGO, and ROM. The developed framework make full of the merits of SHGO and ROM and significantly enhances
the efficiency, accuracy, and feasibility of reliability analysis. The snapshots (samples) were generated based on numerical simulation and Latin
hypercube sampling, which was employed to construct a set of design variables. The proper orthogonal decomposition was adopted to determine
the ROM. Then, reliability analysis was implemented according to the ROM. The remainder of this paper is organized as follows: First, the reliability
analysis method is introduced in detail in Section 2. Second, the idea and theory of the ROM method are described briefly in Section 3. Then
the proposed reliability analysis framework and procedure are presented in Section 4. In Section 5, the proposed method is verified using three
numerical examples. Then, the proposed method is applied to geotechnical and geological engineering using two slopes in Section 6. Finally, some
conclusions are drawn in Section 7.

2. Reliability analysis method
2.1. First order second moment (FOSM)

First-order second moment (FOSM) is a reliability analysis method based on the moment of the limit state function. The limit state function of
geotechnical and geological engineering problems may be established using Eq. (1) as follows (Zhao, 2008):

Z=g (X, X\,....X,)=F, (X, X,....X,)) = Fyy, (€]



H. Zhao, M. Wang and X. Chang Heliyon 8 (2022) e11036

where » is the number of random variables; X; (i =1,2,...,n) are the random variables in the geotechnical and geological engineering problems;
g(X,. Xy, X3, ..., X,) is the limit state function; Z > 0 indicates that the engineering structure is safe, Z < 0 indicates that it is failed, and Z = 0 means
that boundary is fluctuating between safety and unsafety. F,(X,, X,, X3, ..., X,,) is the response to geotechnical and geological engineering problems
such as safety factor, displacement, strain, rock bolt bearing capacity, etc. F, is the limit value of geotechnical and geological engineering safety.
According to the FOSM method, if the limit state function is linear and the random variables are normally distributed, the reliability index § can be
calculated by the following equation (Eq. (2)):

s
c

B (2)

z
where y, and o, are the mean value and the standard deviation of the limit state function Z, respectively. To the nonlinear limit state function,
it can be approximated by a first-order polynomial using Taylor’s series expansion with the maximum probabilistic point. An iteration procedure
could be used to determine the reliability index based on Taylor’s series expansion. The detailed procedure can refer to the relevant literature (Wu
et al., 2013).

In FOSM, the most important step is to calculate the statistical moments of the limit state function Z (i.e., the mean value y, and the standard de-
viation o,). However, it is difficult to obtain them in practical geotechnical and geological engineering problems because the response of surrounding
rock mass and support structure will be calculated by a numerical model and cannot be represented as an explicit function of the random variables
for geotechnical and geological engineering problems. To overcome this issue, the RSM can be used to estimate the response of geotechnical and
geological structures by replacing the numerical model, and then the limit state function is determined. The statistics moment is calculated based
on the RSM. Once the reliability index was obtained, the probability of failure can be obtained based on Eq. (3):

prR1-0p) 3

where @ is the cumulative distribution function of the standard normal variable.
2.2. FORM

The first-order reliability method (FORM) is a popular reliability analysis method that is broadly adopted in geotechnical and geological engineer-
ing. Low (2004) developed a practical FORM procedure based on the Hasofer-Lind index for geotechnical and geological engineering applications
(Low, 2004). In their method, the computation of the reliability index was transferred to a constrained optimization based on the perspective of
an expanding ellipsoid in the original space of the basic random variables. Meanwhile, they proposed a new efficient algorithm for the FORM by
varying the dimensionless number n; to avoid the computation of equivalent normal means and equivalent normal standard deviations in Eq. (4)
(Low and Tang, 2007).

p = min \/ (n]” [R]7! [n] 4

where R is the correlation matrix, X is a vector representing the set of random variables x;, F, is the failure domain, and n is a column vector of ;.
When the value of n; changes during strained optimization, the corresponding value of random variables x; is calculated as follows (Eq. (5)):

xi=F7' [¢(n))] ©)

Where F~!() is the inverse of the original non-normal cumulative distribution function, ¢() is the standard normal cumulative distribution
function.

In this study, the reliability index was determined by solving the optimization problem in Eq. (4). SHGO was chosen as an optimization algorithm
based on the Python Scipy optimization package. The procedure of determining the reliability index is explained in Python.

2.3. Monte Carlo Simulation (MCS)

MCS is a simple and directed reliability analysis method through computing the failure probability based on a large volume of repeated simula-
tions of geotechnical and geological engineering problems. In this research, the ROM method was employed to replace the numerical model in MCS
to avoid a large volume of repeated numerical simulation.

A reliability problem is usually formulated by a limit state function (Eq. (1)). In order to calculate the failure probability, an adequate number
of n independent random samples are produced based on the statistical feature for each random variable. The Monte Carlo method allows the
determination of an estimate of the probability of failure according to the following Eq. (6) (Li et al., 2013):

N
Np= Y I(X), Xy, ..., X,) (6)
i=1
where N is the total times of MCS computation of a geotechnical and geological engineering problem, N, is the failure time in N MCS computations,
and I(X;; X,;...; X)) is a function defined in the following Eq. (7):

_ 1 ifsX1,X5,...,X,)<0

(X1 X, o0 X,) _{ 0 if g(X1. Xz ... X,)>0

@
According to Eq. (6), N independent sets of values X, X,, ..., X,, are obtained based on the statistical feature for each random variable, and
the limit state function is calculated for each sample. The failure probability of geotechnical and geological engineering problems can be calculated
based on MCS using the following equation (Eq. (8)):
N
Pr= ®)
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2.4. Response surface

In a complex engineering system such as geotechnical and geological engineering systems, the analytical solution of the response is generally
unavailable. Although reliability analysis of geotechnical and geological engineering systems can be carried out by FORM and Monte Carlo simu-
lations, the large number of required numerical simulations results in prohibitively high computational costs. Using polynomial approximations of
actual limit states function in the reliability analysis reduces the number of required analyses. Such approximations are referred to as response sur-
faces. The response surface method (RSM) is a simple mathematical form or regression model that avoids lengthy computations in the probabilistic
analysis of complex systems. Furthermore, the RSM is an important technique to find out how response variables are related to variations in the
experimental conditions.

In geotechnical and geological engineering, lots of variables influence the response of the surrounding rock mass and support structure. Suppose
the response variable of engineering system y depends on the input variables (x;, x,, x3,...). Experiments are conducted with design variables (x,,
X5, X3,...) for a sufficient number of times to define the response surface to the level of accuracy desired. The basic procedure of the RSM is to
approximate response by an nth order polynomial with undetermined coefficients. The RSM involves the generation of a polynomial equation using
regression analysis and an approximate linear or non-linear functional relationship between dependent output y and input variables (x, x,, x3,...)
as follows (Eq. (9)):

y=f(x1.%p,%3,... ) +e (©)]

The following model (Eq. (10)) is a second-order regression model without cross-terms containing two input variables x;, x,.

y=ag+a;x) +ayxy +a3x> +agxi +e 10$)

where q, a;, a,, ... are regression coefficients and ‘e’ represents the error involved in neglecting other sources of uncertainties. To obtain these
constants in the RSM, (2n + 1) experiments have to be implemented, » is the number of input variables. Recently, some intelligent regression
models, including ANN and SVM, were used to obtain the response surface. To enhance the efficiency of the RSM, Zhao et al. (2017) developed an
adaptive sample constructing method for reliability analysis. In this research, the ROM was adopted to approximate the response of geotechnical
and geological engineering systems based on the RSM.

3. Reduced-order model
3.1. Constructing the ROM

ROM are simplifications of high-fidelity, complex system models and captures the behavior of the complex system. So, the researcher can quickly
study a system’s dominant effects using minimal computational costs. The ROM method was used to generate a low-order surrogate model for
the numerical model of geotechnical and geological engineering systems based on the proper orthogonal decomposition. The proper orthogonal
decomposition originates from the field of turbulence. It is a technique used to decompose a matrix and characterize it by its principal components,
called proper orthogonal modes of the function. According to the proper orthogonal decomposition algorithm, we can obtain the following equation
for any x;, i=1,2,...,1, and 0;,i=12...J (Audouze et al., 2009).

K
@ (x,,0,) = Y B(0)g" (x)) + &(x;,0)) an
k=1
The above equations (Eq. (11)) can be written as follows (Eq. (12)):

i"=pp+3g (12)

where " is the solution of field variables for geotechnical and geological engineering systems, x; and 6; are the design and parameter variables of
a numerical model, ¢ and g need to be determined, and g(x, §) is an extension of the boundary conditions in the whole domain based on Eq. (13).

N _J g(x,0) onoQ
§00)= { 0 elsewhere (13)

In order to determine the unknown coefficient ¢, Latin hypercube sampling (LHS) was utilized to generate the set of design variables 6,
j=12,....J. And then, a set of discrete solutions (snapshots) of the numerical model, w; =#" (6;) - g (6;), j = 1.2,...,J, were obtained based on
numerical models such as finite element. Let us denote the spatial Gram matrix by M* using Eq. (14):

M) = (w;-w;), i,j=12..J a4

ij

where (w; - w j) is the scalar product between w; and w;.

The positive eigenvalues of M* are arranged in descending order according to Eq. (15).

A2 Ay> > 4,20 (15)

The K first eigenfunctions ¢* (x), k =1,2,..K associated with the K first eigenvalues provide the orthogonal principal direction of snapshots. If
rk = (rj.‘) i=i,....s is the kth eigenvector of M*, then its dual kth eigenfunctions ¢* (x) are obtained by Eq. (16):
K
P* (=) rhw;(x) 16)
j=1

where K is the dimension of the proper orthogonal decomposition basis and can be determined in Eq. (17):



H. Zhao, M. Wang and X. Chang Heliyon 8 (2022) e11036

K
iz i

J
Zi=1 A

where k is the user-specified tolerance, in this study, k£ was 0.9999.
The unknown coefficient # can be obtained by solving the following penalized minimization problem based on Eq. (18):

>k a7)

o e e av

B; can be acquired by solving the following normal equation (Eq. (19)):

(" @ +ulx)Bi=0" (W =g;). j=12,....0 (19)

where y is a small regularization parameter.
3.2. Predicting the field variables

In order to determine the field variables for unknown design variables 6 and space variables x, the coefficient g, (6) is expanded using the radial
basis function (RBF) as follows:

ol
B (@)=Y ap(— (20)
j=1
For any 0, j'=1,2,...,J, the following equation (Eq. (21)) will be obtained based on Eq. (20):
J |9j, -9 j|
X (——) =By (3]
j= °
where f;» are obtained using Eg. (19). The above equations can be written in the following Eq. (22):
Ay = fy (22)
The unknown coefficient ¢, can be obtained by solving the following Eq. (23):
(ATA+ul;) o =ATg, k=1,2,....K (23)

3.3. Procedure of the ROM method

This study developed the ROM based on the numerical model and the proper orthogonal decomposition. LHS was used to generate the set
of design variables for the snapshot. Then the numerical model was adopted to obtain the solution corresponding to each design variable in the
above set. Based on the above snapshots, the proper orthogonal decomposition basis vector and its coefficient were determined based on the proper
orthogonal decomposition algorithm for geotechnical and geological engineering systems. In order to obtain the unknown field of the new design
variable, RBF functions were employed to expand the coefficient of the proper orthogonal decomposition basis and then obtain the coefficients of
the orthogonal decomposition ROM. The unknown field variables corresponding to the new design were calculated based on the ROM. Fig. 1 shows
the main flowchart and steps of the ROM method. In what follows, the procedure of the ROM is presented in detail.

Step 1: Collect the geotechnical and geological engineering data, including in-situ stress, geomaterial mechanical parameters, and boundary con-
ditions.
Step 2: Build the numerical model (FEM) based on the above engineering information.
Step 3: Generate the set of design variables 0 for the numerical model using LHS.
Step 4: Compute the field variables w; (displacement or stress field) at space domain X using a numerical model for each design variable. Collect
all the field variables and obtain the snapshots.
Step 5: Construct the spatial Gram matrix M* based on the above snapshots.
Step 6: Compute the eigenvalues A and eigenvectors r based on the spatial Gram matrix.
Step 7: Determine the rank number K of M* and K first eigenfunction vector ¢.
Step 8: Compute the undetermined coefficient # based on eigenfunction vector ¢ and snapshots.
Step 9: To find a new design variable 0, construct element ¢ based on the design variables 6 generated by LHS using the RBF function.
Step 10: Compute the interpolation matrix A of elements ¢.
Step 11: Compute the vector of element « using the penalized linear systems.
Step 12: Determine the coefficients #(6) based on the RBF function.
Step 13: Predict the unknown field variables ii(9) based on coefficients $(#) and eigenfunction vector ¢ using the ROM method.

4. Reliability analysis based on the ROM
In this study, the ROM was adopted to replace the numerical model to approximate the physical field of geotechnical and geological engineering

problems. The statistical moment of the safety factor, displacement, and stress can be calculated based on the ROM in the reliability analysis. The
reliability index and failure probability were obtained based on the reliability analysis method.
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Fig. 1. The main part of the ROM method.

4.1. Simplicial homology global optimization (SHGO)

The simplicial homology global optimization (SHGO) algorithm is a general-purpose global optimization algorithm based on applications of
simplicial integral homology and combinatorial topology. SHGO approximates the homology groups of a complex that is built on a hypersurface,
which is homeomorphic to a complex on the objective function. The SHGO algorithms only make use of function evaluations without requiring the
derivatives of objective functions. This makes them applicable to black-box global optimization problems, such as the optimal method of FORM in
geotechnical and geological engineering. The algorithm itself consists of four steps: 1) generation of uniform sampling vertices in the search space,
2) construction of the directed simplicial complex by triangulation of the vertices, 3) construction of the minimizer pool using Sperner’s lemma
(Sperner, 1928), and 4) local minimization using the starting points. In this study, the Scipy optimization package of Python was chosen to solve
the optimization method in Eq. (4). Endres et al. (2018) described the idea and algorithm briefly (Endres et al., 2018).

4.2. Response surface based on ROM

For geotechnical and geological engineering problems with different mechanical parameters, boundary conditions, and in-situ stresses, a numer-
ical model can be used to calculate the response of engineering structures, including displacement, stress, strain, and safety factor. In geotechnical
and geological engineering, it is difficult to obtain an analytical solution, and the numerical solution is widely used in practical engineering for
design, stability analysis, and construction. In reliability analysis, the numerical model needs to be called hundreds and thousands of times for
computing the reliability index. This procedure is costly and time-consuming and even is impossible to implement in a practical large-scale project.
In this study, the ROM was adopted to replace the numerical model to approximate the limit state function in reliability analysis. The limit state
function was obtained based on the ROM. In terms of the random variables, the ROM (Eq. (11)) was adopted to calculate the total physical field
of geotechnical and geological engineering problems. The displacement, stress, and strain information at some key points were extracted from the
calculated field by the ROM. The relationship between random variables and the response of geotechnical and geological engineering systems was
presented by the ROM. It can be presented as follows (Egs. (24)&(25)):

ROM(X): RN >R 24)
y=ROM(X) (25)

where X = (x;,x,,...,xx5), X; (i=1,2,...,N) is a vector of geomaterial mechanical parameters (such as Young’s modulus, friction angle, or in-situ
stress) and y is the response of the tunnel such as displacement, stress, and plastic zone. To obtain ROM(X), the ROM was implemented in Python
3.0 according to the procedure in Section 3.3.

4.3. Determination of the limit state function

The safety factor and displacement are selected as the stability index of geotechnical and geological engineering problems in the reliability
analysis of geotechnical and geological engineering problems, respectively. The limit state function is essential for the reliability analysis. For the
slope reliability analysis, the limit state function is expressed as follows (Eq. (26)):

Z=FOS(X,.X|,....X,) - FOS, (26)

where FOS (X, X|,...,X,) is the value of the safety factor for the slope, which is predicted by the ROM and FO.S};, is the permissible value of the
safety factor for the slope (FOS;,, was 1.0 in this study).
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POD-ROM model (POD is proper orthogonal decomposition)
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Fig. 2. The flowchart of the reliability analysis according to the ROM.

Table 1. Limit state functions and random variables used in the three numerical examples.
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Example Limit state function Random variables
Random variable distribution Mean value standard deviation
X1 X2 X1 )
1 £=0.01846154 — 74.76923x, /xi Normal 1000 250 200 37.5
2 g =exp[0.4(x; +2) + 6.2] — exp(0.3x, + 5) — 200 Normal 0 0 1 1
3 £ =2.5-0.2357(x; — x,) +0.00463(x; + x, — 20)* Normal 10 10 3 3

E—

0.015

0.010

0.005

0.000

—0.005

Predicted value of limit state function

—0.010

Pearsonr=1; p=0

—0.010 —0.005

0.000 0.005

0.010 0.015

Real value of limit state function

Fig. 3. The comparison between the real and predicted values of the limit state function for example 1.

4.4. Determination of the reliability index and failure probability

The reliability index and failure probability were calculated based on the ROM in different reliability analysis methods. In the FOSM approach,
the statistical moment was calculated based on the ROM, and then Eq. (2) and Eq. (3) were used to determine the reliability index and failure
probability. SHGO was utilized to solve the optimal problem (Eq. (4)) based on the ROM in the Python Scipy optimization package. According to
the MCS method, the failure probability was determined by repeatedly calling the ROM.

4.5. Procedure of the reliability analysis

The ROM was adopted to replace the numerical model in the reliability analysis. First, the ROM was built by combining the numerical model and
the ROM algorithm. Based on the ROM, the response of geotechnical and geological engineering problems, such as safety factors and displacement,
was obtained. Then the reliability index and failure probability were calculated by combining the reliability analysis method and the ROM. The
ROM was adopted to approximate the response of geotechnical and geological engineering systems instead of the numerical method. SHGO was
chosen as the optimal method in the Python Scipy package. The procedure is shown in Fig. 2 and is elaborated in the following.

Step 1: Collect the engineering information, including geological conditions, project scale, rock mechanical parameters, and in-situ stress.
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Fig. 4. The curve comparison of the limit state function for example 2.
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Fig. 5. The distribution comparison of the limit state function for example 3.

Step 2: Build a numerical model using continuous or discontinuous finite element/finite difference software, such as Phase 2 and Fast Lagrangian
Analysis of Continua (FLAC) or the Discrete Element Method (DEM).

Step 3: According to the information collected in Step 1, determine the random variables and their statistical properties.

Step 4: Generate the snapshots and construct the ROM according to the procedure in Section 3.3.

Step 5: Extract the response information of the geotechnical and geological engineering system, such as stress, displacement, and safety factor,
from the ROM.

Step 6: Calculate the reliability index and failure probability using the reliability analysis method.

Step 7: Evaluate the reliability of the geotechnical and geological engineering system.

5. Numerical examples

Based on Low and Tang’s method, FORM was used to compute the reference reliability index to verify the proposed method (Low and Tang,
2007). In order to demonstrate the effectiveness of the proposed method, three classic examples from the literature were investigated (Table 1)
(Zhao et al., 2017). All examples contained two independent and normally distributed random variables. The mean values and standard deviations
of the random variables are presented in Table 1. The ROM was built based on the actual equation in Table 1 according to the procedure of ROM
in Section 3.3. Fig. 3 shows the comparison of the limit state function between the predicted value by the ROM and the computed value by the real
equation for Example 1. Fig. 4 shows the surface of the limit state function using the ROM and real equation, respectively, for Example 2. Fig. 5
exhibits the distribution of limit state function value using the ROM and real equation for Example 3. It is clear that the ROM could approximate
the limit state function with great accuracy.

The reliability of the three numerical examples was calculated based on the ROM using FORM and MCS, respectively. The reliability index and
failure probability are presented in Table 2. From Table 2, we can observe that the reliability index based on the ROM was in excellent agreement
with that based on the actual equation in Table 1. The maximum relative error was less than 0.65% of the reliability index. The failure probability
of examples 1 and 2 were also in excellent agreement with the results based on the actual equation in Table 1. However, in example 3, the failure
probability base on the ROM was 0.35, far larger than the 0.3 obtained based on the actual equation. The relative error was about 17%. Fig. 6
displays the limit state function, limit state curve, and design points, which were determined by SHGO, based on the ROM and actual equation,
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Table 2. Results of the three numerical examples.

Reliability index by FORM Failure probability by MCS

Equation ROM Relative error (%) Equation ROM Relative error (%)
Example 1 2.33 2.32 —-0.65 0.94 0.95 1.06
Example 2 2.71 2.71 0.06 0.37 0.37 0.00
Example 3 2.50 2.50 —-0.03 0.3 0.35 16.67

Table 3. The statistical parameters of the random variables.

Random variable Distribution Mean Standard deviation
@ Normal 10 3
tan(p’) Normal 0.5774 0.1732

Table 4. The results of the infinite slope frictional/cohesive soil.

Method FORM MCS
Excel Solver Scipy SHGO SHGO with ROM Analytical solution ROM
p 0.8743 0.8743 0.8763 - -
Probability of failure (%) - - - 19.08 17.75
Relation error (%) - 0.00 0.23 - —6.96
Table 5. The statistical parameters of the random variables.
Random variable Distribution Mean Standard deviation
tanp Normal 0.3250 0.0325
tang Normal 0.5770 0.1732
y Normal 18.0000 0.5000
u Normal 12.0000 1.2000
Table 6. The results of the infinite slope frictional/cohesive soil.
Method FORM MCS
Excel Solver Scipy SHGO SHGO with ROM Analytical solution ROM
p 1.1014 1.1037 1.1542 - -
Probability of failure (%) - - - 13.53 11.93
Relation error (%) - 0.20 4.79 - -11.83

respectively. In examples 1 and 2, the design points based on the ROM were also in excellent agreement with those by the actual equation using
SHGO and Excel Solver (Figs. 6a-b). In example 3, the design point was very close to the position obtained based on the actual equation as a
reliability index, as shown in Table 2. There are some errors in example 3 because of the high nonlinearity of the limit state function (Fig. 6c¢).
However, it can meet the requirement of the reliability analysis for geotechnical and geological engineering problems. From the three numerical
examples, we can conclude that the reliability index can be calculated with great accuracy using the proposed method. The design point obtained
using the ROM was very closer to the actual design point, indicating that in reliability analysis, it is feasible to replace the limit state function using
the ROM.

6. Application
6.1. Infinite slope

The proposed method was applied to an infinite soil slope with an analytical solution (Griffiths et al., 2011). A typical slice of the infinite slope
is shown in Fig. 7. The safety factor of the infinite slope can be calculated using the following equation (Eq. (27)):
(Hycos®p —u) tang’ + '
Hysinfcosp

FOS = 27)
where FOS is the safety factor of the slope, H is the depth of the soil layer to the potential failure surface, g is the slope inclination, y is the total
unit weight of soil, u is the pore pressure at the base of the slice, ¢’ is the effective soil friction angle at the base of the slice, and ¢’ is the effective
cohesion at the base of the slice.

The limited equilibrium method was employed to compute the safety factor. The reliability index and failure probability were calculated using
FORM, ROM response surface-based FORM, and MCS. The results were compared with the results of MCS. In the infinite slope, there were six
influencing factors for the safety factor of the slope. To illustrate and verify the proposed method, two cases of slope stability were analyzed: 1)
frictional/cohesive soil (two random variables) and 2) frictional soil with pore pressure (four random variables).

6.1.1. Frictional/cohesive soil

For frictional/cohesive soil, we considered an effective stress analysis of the infinite slope with shear strength parameters (¢’ and tan ¢’), while
no pore pressure was taken into account. In this case, the safety factor of the slope was calculated using Eq. (28). Soil strength parameters (¢’ and
tang’) were considered random variables with a normal distribution. The statistical parameters of the random variables are presented in Table 3.
The other parameters were H =5 m, § =30, and y = 17 kN/m>. The random variables were regarded as the input of ROM, and the slope safety factor
was computed using Eq. (28). The snapshots were generated according to the procedure in Section 3. To verify the proposed method, the ROM,
which was generated based on the snapshots and captured the relation between slope safety factor and random variables, was used to approximate
the analytical solution. Fig. 8 compares the safety factors of the slope obtained by the ROM and the analytical solution. The predicted values of
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Fig. 6. Limit state function, design point, and limit state curve for three examples using different methods.
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Fig. 7. The infinite slope.
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Fig. 8. Comparison of the safety factors obtained by the ROM and analytical solution.
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Fig. 9. The relationship between the safety factor and random variables.

the ROM were in excellent agreement with those of the analytical solution. Fig. 9 depicts the relationship between the safety factor and random
variables, revealing that the ROM presented the relationship between safety factor and random variables well. It also indicates that the friction angle
had more impact on the safety factor than cohesion.

I tang'

FOS= ——
yHsinfcosf + tanf

(28)

The proposed method was also adopted to determine the reliability index of the slope. Table 4 presents the results using various methods. In
the FORM approach, the reliability index by Excel Solver was the same as that by SHGO (Scipy optimization) based on an analytical solution.
The reliability index by SHGO was 0.8743 and was the same as the reliability index by Excel Solver. This demonstrated that SHGO has a good
performance and can be utilized to determine the reliability index. The reliability index by SHGO was 0.8763 based on the ROM. It was very close
to 0.8743, calculated by an analytical solution. The relative error was 0.23%. In the MCS approach, the failure probability was 19.08% based on the
analytical solution and 17.75% on the ROM. The relative error was smaller than 7%. The results indicated that the ROM can replace the analytical
solution in the reliability analysis and can characterize well the mechanism of the slope stability with great accuracy.

11
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Fig. 10. Comparison of the safety factor obtained by the ROM and analytical solution.

Table 7. The results of the reliability index and the value of limit state function using different searching

ranges.
Bounds Analytical solution ROM
Reliability index Value of LSF Reliability index Value of LSF

[-2, 2] 1.1037 0.0359 1.1542 2.4425E-15
[-10,10] 1.1037 0.0359 1.1542 2.4425E-15
[-100,100] 1.1037 0.0359 1.1542 2.4425E-15
[-1000,1000] 1.1037 0.0359 1.1542 2.4425E-15
[-10000,10000] 1.1037 0.0359 1.1542 2.4425E-15

Table 8. The results of the design point obtained using different searching ranges.

tanp tang 4 u Value of LSF
Analytical 0.3330 0.3908 17.9941 12.0507 —-0.0010
solution
ROM 0.3255 0.3783 17.9916 12.1507 —-0.0112

6.1.2. Frictional soil with pore pressure

To further verify the proposed method, we assumed tan¢’, tanf, y, and u are the random variables. The other two parameters (¢’ and H)
were deterministic variables. To simplify the computation, we assumed ¢/ =0 and H =5 m. The statistical parameters of the random variables are
presented in Table 5. In this case, the safety factor of the slope was obtained using the following equation (Eq. (29)):

FOS =

tang'

_ u(l +tan’p)

tanf

(1

rH)
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Fig. 11. Relationship between the factor of safety and random variables.

Table 9. The statistical properties of random variables.

Soil layer ¢ (kN/m?) [2Q)]
Mean Standard deviation Mean Standard deviation
I o2 0.2 20 3
I 53 0.7 28} 3
11T 0 0 38 5

Fig. 10 illustrates the relationship between calculated safety factors by the ROM and analytical solution. In the training samples (snapshots),
the predicted safety factor was in excellent agreement with that of the analytical solution (Eq. (29)). In the testing samples, which were generated
to verify the performance of the ROM, the predicted safety factor was very close to that of the analytical solution (Eq. (29)). The error of the
testing samples was larger than that of the training samples. Fig. 11 displays the relationship between the factor of safety and random variables. It
suggests that the strength parameters had a stronger impact on the safety factor than other parameters. The ROM presented well the relationship
between safety factor and random variables, confirming that the ROM can be used to approximate the safety factor of the slope and, thus, can be an
alternative for an analytical solution.

The proposed method was used to determine the reliability of the slope. Table 6 presents the results achieved using various methods. In the
FORM approach, the reliability index (1.1037) by SHGO (Scipy optimization) was very close to that (1.1014) by Excel Solver based on an analytical
solution. The reliability index by SHGO was 1.1542 based on the ROM. It was very close to 1.1014 calculated by an analytical solution. The relative
error was smaller than 5%. In the MCS method, the failure probability was 13.53% based on the analytical solution and 11.93% on the ROM. The
relative error was 11.83%. The results were similar to those of the infinite slope frictional/cohesive. This proved that the ROM could represent well
the high dimensional, nonlinear, complex, and implicit relationship between the safety factor and its influencing factors. Hence, it is feasible to
approximate the limit state function using the ROM.

13
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Fig. 12. The relationship between the numbers of samples, reliability index, and failure probability using different models.

6.1.3. Discussion

The robustness and global optimization performance are essential to the optimization technology. The size of the search range of the optimiza-
tion technique reflects its robustness. In order to illustrate the robustness of the ROM, the searching ranges were examined based on the SHGO
optimization method in Python. The reliability index is obtained based on FORM using optimization technology. In this study, SHGO is selected as
the optimization algorithm for FORM. The results are presented in Table 7 and Table 8. It can be seen from Table 7 that the developed framework
doesn’t depend on the searching range and is very robust for the larger searching ranges. Table 8 also shows that the design point is identical based
on the ROM and analytical solution for the different searching ranges. The value of the limit state function is also close to zero. It can be observed
that the SHGO had a good global searching performance, and the developed framework is feasible. This is important for geotechnical and geological
engineering problems involving significant uncertainty and complex engineering system.

To illustrate the performance of the ROM, Fig. 12 shows the relationship between the numbers of samples, reliability index, and failure probability
using different models. It demonstrates that the accuracy of the reliability analysis depends on the number of samples. With the increasing number
of samples, the results were very close and almost the same as the results obtained by an analytical solution. However, the running time increased
with the increasing number of samples (Fig. 13). Fig. 13 reveals that the running time increased dramatically with the number of samples in the
model building stage. However, the running time increased linearly in the stage of the reliability analysis (MCS or FORM). Fig. 12 exhibits that
the results achieved by the ROM were the same as the analytical solution when the number of samples was 500. The results could also meet the
accuracy requirements when the number was 100, indicating that the proposed method has a reasonable convergence rate. The ROM provides a
good and promising way to approximate the limit state function in the reliability analysis for practical slope engineering.

6.2. ACAD slope

In general, it is difficult to obtain an analytical solution for practical slope engineering problems. Therefore, the second slope was chosen as a
complex slope with three different soil layers, and a numerical solution was adopted in the reliability analysis. The strength reduction method was
adopted to compute the factor of safety (Cheng et al., 2007). The cross-section of the slope and computational mesh are shown in Fig. 14. The values
of the mean and standard deviation of the random variables are presented in Table 9. The ROM was first constructed based on the ROM algorithm
as in infinite slope. The reliability index was computed by the proposed method.

14
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Fig. 13. The relationship between running times and the number of samples in different models.
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Fig. 14. The relationship between running times and the number of samples in different models.

According to the procedure elaborated in Section 4.3, the numerical model was built initially (Fig. 14). LHS was adopted to construct the 200
sets of random variables. The factor of safety of each set was calculated based on the numerical model using the strength reduced method, and
200 training samples (snapshots) were obtained. Based on the 200 snapshots, the ROM was determined using the proper orthogonal decomposition.
Fig. 15 compares the safety factor acquired by the numerical model and the ROM. In the training samples, the results were in excellent agreement
with those of the numerical model. To verify the performance of the ROM, the factor of safety of non-training samples, which were generated
randomly using LHS, was calculated based on the numerical model and the ROM, respectively. The results were very close to those of the numerical
model, proving that the ROM can present the mechanical behavior of soil slope well. Thus, it can replace the numerical model in the reliability
analysis. Fig. 16 manifests the relationship between the factor of safety and random variables. It reveals that the friction angle of the third layer had
more impact on the factor of safety than other random variables because the third layer had more influence on the stability of the slope. The results
were similar to those of the infinite slope.

The reliability index was calculated using the ROM-based RSM, which adopted the ROM to approximate the limit state function. For the sake
of comparison, the traditional RSM, which utilized the polynomial function to approximate the limit state function, was also employed to compute
the reliability index and failure probability. Fig. 17 exhibits the relationship between iteration times and the reliability index. It shows that the
convergence by the ROM was faster than that of the numerical model based on traditional RSM. The numerical model based on traditional RSM
does not converge, which means it can not obtain the reliability index. The comparisons of the reliability index and design point are presented
in Fig. 18. Direct ROM adopted ROM as the limit state function to determine the reliability index using FORM. RSM by numerical model adopted

15
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Fig. 15. The comparison of the safety factors obtained by the numerical model and the ROM.

traditional response surface as the limit state function based on numerical model. RSM by ROM model adopted ROM as the limit state function. MCS
by ROM model adopted MCS to determine the failure probability based on ROM. The design point is the value of the random variable corresponding
to the reliability index, which is obtained based on the optimization technology in FORM. The results were in excellent agreement with those of the
various methods, confirming that the ROM is feasible for the reliability analysis. The probability distribution of the safety factor is shown in Fig. 19
(the ROM was used for the reliability analysis). The numerical model (FLAC) was utilized to evaluate the slope state at the design point. Fig. 20
displays the failure mode at the design point (the failure is indicated by shear strain rate contours). It exhibits that it is feasible and accurate to
approximate the safety factor using the ROM.

7. Conclusions

This study developed a novel framework of reliability analysis to deal with the uncertainty in geotechnical and geological engineering problems
by combining the ROM, FORM, and numerical models. The ROM was employed to build the response surface and approximate the limit state
function. The reliability index was determined based on the ROM using SHGO optimal method. The failure probability was estimated based on the
ROM using the MCS method. The developed method was verified and illustrated by three numerical examples and two slopes. The developed ROM
can be utilized as an alternative for numerical modeling in the reliability analysis of geotechnical and geological engineering problems. The results
of this study drew the following specific conclusions:

1) The ROM approximated the complex, nonlinear, and implicit limit state function. The ROM enhanced the efficiency of the numerical simulation
and could be used as a replacement for a numerical model to solve geotechnical and geological engineering problems. Numerical modeling was
costly for the reliability analysis of practical geotechnical and geological engineering problems, requiring abundant repetitive computations. The
ROM provided an effective way to improve the efficiency of analyses and yielded highly accurate predictions.

2) The reliability index and failure probability were determined based on the ROM using the FORM and MCS. They were in good agreement
with the results obtained based on the actual limit state function or analytical solutions. This demonstrated that the ROM-based reliability analysis
could represent the uncertainty of geotechnical and geological engineering systems well. It is feasible to deal with uncertainty using the ROM. The
ROM can also be applied to other geotechnical and geological engineering problems.

3) In the developed framework, the numerical model is utilized to determine the response of the practical and complex geotechnical structure,
such as slope safety factor, displacement, stress, etc., because it is impossible to obtain the analytical solution. So, the numerical model is essential to
the developed framework and directly affects the performance and accuracy of the developed framework. The selection of an appropriate numerical
model was critical to successfully applying the developed framework.
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