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The shear behavior of large-scale weak intercalation shear zones (WISZs) often governs the stability of
foundations, rock slopes, and underground structures. However, due to their wide distribution, undu-
lating morphology, complex fabrics, and varying degrees of contact states, characterizing the shear
behavior of natural and complex large-scale WISZs precisely is challenging. This study proposes an
analytical method to address this issue, based on geological fieldwork and relevant experimental results.
The analytical method utilizes the random field theory and Kriging interpolation technique to simplify
the spatial uncertainties of the structural and fabric features for WISZs into the spatial correlation and
variability of their mechanical parameters. The Kriging conditional random field of the friction angle of
WISZs is embedded in the discrete element software 3DEC, enabling activation analysis of WISZ C; in the
underground caverns of the Baihetan hydropower station. The results indicate that the activation scope
of WISZ C; induced by the excavation of underground caverns is approximately 0.5—1 times the main
powerhouse span, showing local activation. Furthermore, the overall safety factor of WISZ C; follows a
normal distribution with an average value of 3.697.
© 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

many researchers (Xu et al., 2012; Indraratna et al., 2014; Zhao
et al., 2017; Duan et al., 2021; Han et al., 2021b, 2021c) studied

Large-scale weak interlayer shear zones (WISZs) are widely the physical and mechanical characteristics of WISZs by consid-

distributed in rock masses. Many engineering projects related to
dam foundations, underground structures, tunnels, and slopes are
located on or within rock masses with WISZs. WISZs are regarded
as the most dangerous potential slip surfaces or damage zones in an
engineering rock mass (Indraratna et al., 2014; Duan et al., 2021;
Han et al., 2021a). Existing literature states that WISZ is a type of
infilled weak discontinuity. It can be expressed in different ways,
such as weak interlayer, interlayer shear zone, argillized interlayer,
and fault fracture zone (Han et al., 2021b). In the past few years,
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ering various influencing parameters such as the thickness of the
interlayers, underground water conditions, and roughness. Addi-
tionally, by combining field data and experimental findings, some
researchers have significantly improved our understanding of
complex WISZ occurrences. WISZs were classified through grain
size distribution by Wang et al. (1983) and Xiao and Argelov (1991),
and other researchers such as Xu and Zhou (2010) characterized the
complicated occurrences of WISZs based on the development de-
gree, nature fracture, and genesis. However, the quantitative char-
acterization of the complex occurrences does not appear to have
received sufficient attention over time. In the present study, com-
plex and large-scale WISZs in the Baihetan dam areas are investi-
gated, and an analytical method of quantitative characterization of
the complicated structures and fabrics of WISZs is proposed.

1674-7755 © 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Over the years, the understanding of particular engineering
problems has gradually increased from practical knowledge to
rational knowledge due to the enrichment and development of en-
gineering experience, geological exploration information, applica-
tion of geophysical logs in geotechnical investigation, and theories.
The description of engineering problems has evolved over time from
rough to fine. At the macroscopic level, WISZs have good connec-
tivity and a broad and distinct distribution location. Therefore, many
researchers have assumed WISZs to be homogeneous materials that
can be simplified as an infilled structural plane (without fluctuation)
with uniform thickness (Pellet et al., 2013; Ma et al., 2019; Han et al.,
2021b). However, with more and more research on WISZs over the
years, the effect of complicated spatial occurrence characteristics
(such as large distribution, undulating morphology, complicated
fabric, and various contact state) on their mechanical properties is
attracting attention (Xu et al.,, 2012; Singh and Basu, 2018; Han et al.,
2021a). Therefore, if the homogeneous assumption of WISZs is still
under consideration during the characterization of complex and
large-scale WISZs, it would probably induce inaccuracy in the me-
chanical properties assessment by engineers or researchers for new
or existing projects. The complete integration of geological field data
with experimental test results to accurately characterize the com-
plex occurrence of WISZs has a vital significance in rock engineering,.
However, it is hard to find any relevant research considering the
stated issue. Geomaterials are a class of complex natural building
materials, and their physical and mechanical properties are highly
heterogeneous. According to existing literature, statistical analyses of
physical and mechanical parameters for rock and soil masses do not
exhibit completely random distributions. Instead, they often follow
specific statistical laws, such as spatial variability and correlation of
mechanical parameters (Vanmarcke, 1977; Phoon and Kulhawy,
1999; Lloret-Cabot et al., 2012). Based on these studies, this article
characterizes the complex occurrence characteristics of WISZs in
structure and fabric as non-uniformity in mechanical parameters,
specifically the spatial variability and correlation of mechanical pa-
rameters. The stochastic mathematical theory can be used to express
the spatial variability and correlation of the mechanical parameters.
Using stochastic mathematical theory, an analytical method needs to
be developed to describe the complex occurrence characteristics of
WISZs in terms of fabric and structure.

At present, the most commonly used random mathematical
models are the random variable model and the random field model
(Vanmarcke, 1977). In the random variable model, rock parameters
are considered as random variables that obey a specific probability
distribution. The characteristic quantities of the corresponding
probability distribution model are determined using the probabil-
ity statistical method based on discrete data points. Vanmarcke
(1977) proposed a random field model by combining probability
and statistical methods to describe the randomness of geotechnical
parameters. The randomness of geotechnical parameters is re-
flected in two aspects: spatial variability and spatial correlation.
Geotechnical parameters can differ in nature depending on their
spatial location, and this phenomenon is known as spatial vari-
ability. It is defined by specific quantities, such as mean value,
variance, correlation distance, and correlation function. The term
“spatial correlation” describes the type of spatial correlation that
exists between various geotechnical factors. The correlation func-
tion links the uncertainty of “point” and “space” together.

The random field model can describe the spatial variability and
correlation of geotechnical parameters. However, it fails to make
complete use of the spatial location information of geotechnical
parameters, which generally overestimates the spatial variability of
geotechnical parameters (Phoon and Kulhawy, 1999). The randomly
generated geotechnical parameters in the random field model often
differ significantly from values at the actual spatial location. To

solve this issue, a random field model that correctly characterizes
the geotechnical parameters based on site information has been
developed in the past few years using interpolation techniques and
the Bayesian method (van den Eijnden and Hicks, 2011;
Firouzianbandpey et al., 2015; Li et al., 2016; Liu et al., 2017; Lo and
Leung, 2017; Cai et al., 2019; Qi et al., 2021).

In the present study, complex and large-scale WISZs at the
Baihetan hydropower station are being investigated. To charac-
terize the complex occurrences of these large-scale WISZs, an
attempt has been made to develop an analytical method using
Kriging interpolation techniques and random field theory. The
developed analytical techniques can potentially solve the problem
of reasonably and accurately describing the three-dimensional (3D)
complex occurrence characteristics of WISZs to a certain extent.

2. Background and features of the Baihetan WISZs

The Baihetan hydropower station, currently being constructed on
the left and right banks of the Jinsha River, is the second-largest
hydropower station in China. The main and auxiliary underground
powerhouses have lengths, heights and spans of 438 m, 88.7 m and
34 m, respectively. The total length of the underground tunnels is
around 210 km, and the total excavation volume reaches 15 million
m3. The geological conditions of the Baihetan underground caverns
are complex. The measured maximum principal stress is approxi-
mately 33 MPa, which is nearly vertical to the longitudinal axis of the
underground powerhouse on the left bank. Several gently inclined
WISZs cut through the underground caverns on both banks (Fig. 1).
The stability of WISZs, which can be greatly affected by excavation-
induced unloading effects during the construction stage, mostly
governs the stability of many rock engineering practices. Therefore,
to ensure the safety of the structures on or within the rock masses, a
precise characterization of WISZs embedded within those rock
masses is required. The Baihetan WISZs are a series of gently inclined
and large-scale infilled discontinuities, which are weak and broken
tuffaceous interlayers that formed due to shear dislocation and long-
term weathering of tuff rock layers. The Baihetan WISZs (e.g. Co, G,
C3.1, C4, and Cs) with loose structures and poor mechanical proper-
ties cut the underground caverns on a large scale, which control the
overall and local stability of the project (Fig. 1).

2.1. Distribution of WISZs at the Baihetan hydropower station

Based on field investigations and existing studies, it has been
observed that the WISZs located in the Baihetan dam areas have the
following distribution features (Fig. 2):

(1) Macroscopically, WISZs are distributed within tuff layers
with clear spatial locations, good connectivity, and wide and
continuous distribution area.

(2) Locally, WISZs exhibit obvious undulating characteristics and
spatial variability in thickness, structure and fabric.

(3) The weak interlayers of WISZs are made up of a random
combination of mud type, mud with rock debris type, rock
debris with mud type, and breccia with rock debris type (Han
et al,, 2021a).

2.2. Structural features

In general, WISZs in the Baihetan dam area can be classified
structurally into two categories: type A structure (single-layer
structure) and type B structure (multi-layer structure). The single-
layer structure can be further divided into subtypes A1, A2 and A3
based on the thickness, degree of argillization of the weak
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Fig. 1. The Baihetan hydropower station and WISZs.
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Fig. 2. Distribution features of the Baihetan WISZs.

interlayer, integrity, and contact state of the hanging wall and
footwall (Fig. 3a). In comparison to type A structures, the WISZs
with the multi-layer structure are formed by additional tectonic
movement and weathering evolution resulting in evident phe-
nomena of layering and zoning (Fig. 3b). The multi-layer structure
is often composed of the joint zone, scaly cleavage zone, and
argillization zone (Han et al., 2023).

2.3. Fabric and microstructural features

The Baihetan WISZs are classified into four classes based on the
Code for Engineering Geological Investigation of Hydropower

Engineering GB50287-2016 (2016): mud, mud with rock debris,
rock debris with mud, and breccia with rock debris. Fig. 4a illus-
trates the classification standards and examples of WISZs observed
near the Baihetan dam.

X-ray diffraction (XRD) analysis was conducted to determine the
mineral composition of the argillization zone, cleavage zone, joint
zone, and tuff parent in WISZ C,. The primary mineral groups and
illite mineral contents in each zone are illustrated in Fig. 4b. Illite
(content >50%), calcium almandine garnet, and orthoclase are the
three dominant minerals present in the samples, as revealed by the
XRD results. Fig. 4b also shows the dominant mineral types and
content of the clay minerals in each zone. The XRD results indicate
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Fig. 4. Fabric and microstructures of WISZs: (a) Fabric features, (b) Mineral features, and (c) Microstructures (Han et al., 2023).

that the contents of the dominant minerals in the samples are illite
(content >50%) > calcium almandine garnet > orthoclase. Addi-
tionally, the clay mineral content in the different zones can be
characterized as follows: argillization zone > cleavage zone > joint
zone = tuff parent rock.

The microstructure and mineral composition of the original rock
undergo significant alteration as a result of the transformation of
tuff parent rock layers into WISZs. The scanning electron micro-
scope (SEM) method was employed to scan and examine rock
samples from the extensional and vertical directions of each zone,
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including the joint zone, cleavage zone, and argillization zone. The
SEM image analysis is presented in Fig. 4c. It is evident that the
microstructures of specimens in different zones are consistent in
the direction perpendicular to the extensional direction of each
zone, and the surface of rock samples is relatively smooth with
directional stripes. However, significant differences were observed
in the extensional orientation of the microstructures of the samples
from different zones. The fissure surface in the joint zone is smooth,
with a few clay particles but no obvious layering. The fracture
surface of the cleavage zone is rough with noticeable layering. In
the case of the argillization zone, the fracture surface is rough and
chaotic, with non-directional clay particles, microcracks, and
visible layering.

2.4. Shear strength parameters

Existing studies (Xu et al., 2012; Duan et al., 2021; Han et al.,
2021b) on the Baihetan WISZs have revealed their complex occur-
rence characteristics, which exhibit significant variability and
discreteness in their strength parameters. Table 1 shows the results
of in situ direct shear tests conducted on the Baihetan WISZs at
different positions. The cohesion ranges from 0.02 MPa to 0.42 MPa,
and the friction angle ranges from 14° to 38°, which further vali-
dates the spatial variability and discreteness of their shear
strengths. Therefore, it is essential to accurately characterize the
spatial variability and discreteness of strength parameters for
WISZs with due diligence.

In the present study, we employ random field theory to describe
and express the spatial variability and correlation of strength pa-
rameters for WISZs with complex occurrences. The theoretical
framework of the spatial variability analytical method for WISZs is
discussed in the following sections.

3. Theoretical framework of conditional random field theory
3.1. Random field theory

To simplify the description of the spatial variability and corre-
lation of variables between the midpoints of the site, the following
three assumptions are considered.

3.1.1. Gaussian process hypothesis

The Gaussian process is also called a normal random process. It
refers to a set of random variables in which any finite random
variable x; obeys the joint Gaussian distribution (Eq. (1)). The
Gaussian processes have many statistical characteristics like normal
variables, which are determined by their mean function m and
covariance function C.

Table 1
Shear strength parameters of Baihetan WISZs.

Clay content (%) S (%) Cohesion (MPa) Friction angle (°)
13 99.5 0.02 14

11 76.6 0.13 213

85 96.6 0.07 213

0 73 0.42 38

10.5 79.6 0.11 18.8

12 85.6 0.03 213

12.5 93.5 0.06 14

0 76.6 0.05 25.6

Saxox (X1, X2, .., Xg) (2 Wexp .
- %(x -m'c'(X—-m)

where m is the mean vector of variable X, Cis the covariance matrix
of any two points in the site, and |C| is its determinant. The mean
vector and variance matrix can be calculated from the following
formula:

m =EX),C = E[(X—m)(X - mﬂ 2)

where the covariance matrix C is a k-order symmetric, positive
definite square matrix.

For any continuous random field, there are infinite random
variables X (each point is regarded as a random variable). That is
why the dimensions of m and C are infinite. For simplicity, m and C
are usually expressed as a continuous spatial function containing
several constants. For example, in a one-dimensional random field,
the mean can be simplified to

m(t) = a+ bt (3)

The covariance matrix can be written in the form of multiplying
the standard deviation and the correlation coefficient:

C(t1,tz) = a(ty)a(t2)p(ty, t2) (4)

where ¢(t1) and o(t;) are the standard deviations of variable X at
points t; and tp, respectively; and p(ty, t,) is the covariance function
of X between points t; and t,.

Since the mean and variance change with the spatial locations, it
is still difficult to determine the joint probability density function.
Therefore, the following two hypotheses need to be used further.

3.1.2. Stationary or statistical homogeneity hypothesis

The relative location between spatial points affects the joint
probability density function in the random field rather than the
actual position in space. In the case of a Gaussian random field, the
mean and variance of each random variable are independent of the
spatial location and constant throughout the entire field.

3.1.3. Isotropic hypothesis

In a two-dimensional (2D) or higher-dimensional random field,
the isotropic random field (i.e. the joint probability density of each
variable has rotation invariance) has the spatial correlation be-
tween two points, which depends on their relative distance but is
independent of their relative directions. By removing the low-order
spatial variation pattern of the random variables, the nonstationary
random fields may typically be converted into stationary random
fields (Li et al., 2016).

The mean function, variance function, correlation function, and
autocorrelation distance are required to characterize noncondi-
tional random field properties. Among all the characteristics, the
correlation function is efficient in describing the correlation size of
each point in the field. This study selects a simple Gaussian function
as the correlation function. The corresponding 2D autocorrelation
function model is expressed as

p(tx,y) = exp[n(;j)zw(ri)z] (5)

where p(ty,1y) is the autocorrelation coefficient between any two
points in the random field; 7x and 7, are the relative distances
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between any two points in the x and y directions, respectively; and
fx and 0y, are the autocorrelation distances in the x and y directions
in the random field, respectively. It is noted that the larger auto-
correlation # indicates a smaller variation in the site parameters
with distance, and it shows a stronger correlation between the two
points. When 6y = 0y, it is an isotropic random field, and on the
contrary, it is an anisotropic random field.

3.2. Simulation method of stationary random field

The commonly used random field simulation techniques are the
midpoint method, local average method, spectral representation
method, Cholesky decomposition method, and Karhunen Loeve
(K.L.) expansion method (Fenton and Griffiths, 2008). Among them,
the K.L. expansion method is a common method of random field
simulation, which uses deterministic characteristic functions and
random coefficients to generate sampling functions of random
fields (Zhang and Bruce, 1994). This technique is widely used due to
its high simulation accuracy at the small number of variables. The
2D K.L. expansion method is expressed by

M
Hxy) =m+0 " \/ifixy)E (6)

i=1

where m and ¢ are the mean and standard deviation of random
variables, respectively; ¢ is the independent standard normal
random variable; M is the number of truncated items; 4; and f;(x,y)
are the eigenvalues and eigenvectors of the random field autocor-
relation function p(tx, ty), respectively, which satisfy the following
equation:

/p(x1,y1;xz,y2)f,-(x1,y1)dxdy = Aifi(x2,¥2) (7)
D

where D is the area of a random field; and (xq,y7) and (x,,y,) are
the coordinates of two points in space.

A simple case is presented to verify the applicability of non-
conditional random fields. Suppose that the area of a 2D site is
100 m x 100 m, and it is discretized into regular quadrilateral grid
units with the same unit size of 2 m x 2 m. The 2D random field
parameters of the friction angle specified in this case are as follows:
the mean value and variance are 20° and 2°, respectively, which
follow the normal distribution and the Gaussian correlation func-
tion (Eq. (1)). An isotropic random field with an autocorrelation

90
205
80 EEEEEEEEREFE 204
HH g./
L 203 g
)
7N 60 e
é 20.2 5
~, %0 01 S
' g
40 20 E
e
30 199 =
20 19.8
10 19.7
0
0 20 40 60 80 100
x (m)
(2

distance of 10 m in both x and y directions is used. A 2D random
field model describing the friction angle of geotechnical materials is
created using the above-mentioned information in Fig. 5. It can be
observed from Fig. 5 that the friction angle follows the normal
distribution N (20°, 2) in the two random fields. However, the
friction angle is not constrained to the locations, and the friction
angle is randomly distributed in the two cases. Therefore, it shows
randomness in any location in the fields. It is noted that the
strength parameters obtained by the field tests generally include
position information in rock engineering. The randomness of
neighboring points of strength parameters could be significantly
lowered if the position information is added to the random field
model. Therefore, the conditional random field is further estab-
lished in the following section.

3.3. Kriging conditional random field theory

The conditional random field can fully utilize the position in-
formation of the measuring or experimental points, and the
randomly produced field can closely match the data at those points.
It considerably reduces the uncertainty of the parameters close to
the measuring and experimental positions. Based on the Kriging
interpolation technique, a conditional random field model con-
strained by the information of measuring points is established in
the following sub-sections.

3.3.1. The Kriging interpolation method

The Kriging method was proposed by D.G. Krige in the early
1950s to the late 1960s to find the best linear unbiased estimator
(BLUE). The Kriging method has been continuously developed and
improved since its inception. Different Kriging methods can be
used for different situations and purposes. At present, the
commonly used Kriging methods are listed as follows:

(1) The ordinary Kriging method is generally used when the
second-order stability assumption is satisfied.

(2) The universal Kriging method can be used in nonstationary
phenomena.

(3) When the regionalized variables obey lognormal distribu-
tion, the logarithmic Kriging method can be used.

(4) When the data are small and with an irregular distribution,
the random Kriging method can be used if the expected
estimation accuracy is not high.

T
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Fig. 5. 2D unconditional random field model of friction angle: (a) Case 1, and (b) Case 2.

Please cite this article as: Han G et al., Characterizing large-scale weak interlayer shear zones using conditional random field theory, Journal of
Rock Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmge.2023.02.032




G. Han et al. / Journal of Rock Mechanics and Geotechnical Engineering xxx (Xxxx) xxx 7

In addition, there are the factorial Kriging method, indicator
Kriging method, reduction Kriging method, etc. The ordinary
Kriging method meeting the second-order stationary assumption is
used in this study. The so-called second-order stationary assump-
tion refers to the regionalized variables Z(x,y) meeting the
following two conditions:

(1) The mathematical expectation exists and is constant in the
whole field, i.e.

E(Z(x,y)) = E(Z(x+dx,y+dy)) = m (Vx,y,dx,dy) (8)

where Z(x,y) represents the variable value at any point in the field,
(x,y) are the coordinates in the 2D site, and dx and dy refer to the
distances between any two points in the x and y directions in the
site.

(2) In the whole field, the covariance function exists and is
stable:

CoviZ(x,y),Z(x+dx,y+dy)] = E[Z(x,y)Z(x+dx,y +dy)]
—E[Z(x,Y)JEZ(x +dx,y +dy)] = E[Z(x,y)Z(x + dx,y + dy)] — m?
9)
Based on the information of known measuring points, the

Kriging interpolation of unknown points in the field can be
expressed by the following equation (Cressie, 1990):

Z (x0,¥0) = Y Aaz(Xa,Ya) (10)

a=1

where (xg,Yo) are the coordinates of the point to be estimated;
Z" (o, Yo) is the value to be estimated; (x,,y.) are the coordinates of
a series of known measured values in the field; z(x4,ya) is the
corresponding measured value; and A, is the weight of the linear
combination of known measuring points, in which the unbiased-
ness (E) and the minimum estimated variance (¢%) in the ordinary
Kriging method are taken as the two criteria for selecting A,:

E[Z"(x0.Y0) — 2(Xa.Ya)] = 0= Y Jo =1 (11)

a=1

o = min{E{(Z" (x0.Y0) — 2(%a.¥a)] ~ EZ"(¥0.¥0) ~ 2(xe.Ya)]}* |
= min{E{(Z" (X0.¥0) — 2(xa.ye))" } }
(12)

The Lagrange multiplier method is further applied to calculating
the conditional extreme value:

%{E{[Z*(Xo,)’o) —Z(Xa,yoz)]z} _2ua; Aa} =0(a=1,2,...,n)
(13)

where —2u is the Lagrange multiplier. Finally, the ordinary Kriging
equations of n + 1 orders are obtained:

Start

L+
Engineering site information —
probabilistic model + statistical
characteristic quantity
Lr

Dimension and scope of simulation site

E_ &2
Random field correlation function and

Site
condition

fluctuation distance
Egs

‘ Meshing the simulated model

v )

Known points ( ) and
unknown points ( 77 )
L <
Unconditional random Covariance matrix of
field model Z, known points

L J
i

5rid points’ covariance
matrix in random field

Weighted coefficients of each unknown point in
random field by Kriging Method 3 =K'M
=

%, (x,, Y, ) -Z, (x,] W, ) = uz”-; A [: (. 0)—Z(x.7. ):]
Z.(x)=2,(xy)+[ Z(xy) - Z.(x.y)]
L

Conditional random field
model Z,

Fig. 6. Flowchart of the Kriging conditional random field.

Z Aac[(an’a)y (xivyi)} M= C[(x()vyo)v (Xivyi)} (l = 1727 "'7n)

a=1

(14a)

(14b)

where C[(Xa,¥a), (X;,¥;)] is the covariance function. To facilitate
programming, Egs. (14a) and (14b) are further expressed in matrix
form of KA = M. Further, we have

Cl(x1,¥1),(X1,51)] Cl(x1,¥1),(X2,¥2)] - Cl(X1,¥1), (Xn,yn)] 1
C[(x27y2).7(x1’y1)] C[(x27y2).7(x27y2)] C[(XZvJ’Z)_7(Xn,}/n)] 1

C[(XnaYn%a(XlJ’l)] C[(Xn,}’niz(xzdﬁ)] C[(XH,J’nzz(an’n)] (1)
A Cl(x0,¥0), (x1,¥1)]
Z (X0.Y0), (x2.2)
/in C[(XO’YO).’(XnJ’n)}

(15)

where K is the Kriging matrix which is symmetric.
Based on Eq. (15), the weight vector 2 at a certain point (xg, yg)
to be estimated can be obtained:
A=K 'M (16)
It can be obtained Z"(xg, yo) by substituting it into Eq. (10).
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Table 2
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Information on test points.

Test point Coordinates (x, y) Friction angle, ¢ (°)
1 (0,0) 18
2 (20, 20) 25
3 (50, 30) 20
4 (80, 70) 15
5 (10, 90) 22

3.3.2. Kriging conditional field simulation method
The conditional random field can be expressed mathematically
as (Degroot and Baecher, 1994):

Ze(x.y) = {Z(x.)|2(*e. o)} = 1,2,....m) (17)
where Z¢(x,y) is the target conditional random field. To realize the
conditional simulation process, the random field is divided into two
parts: (1) (Xq,Ya) (¢ = 1,2,...,n) that the measuring points that
have been sampled or monitored, the variable values at these
points are determined, which are z(xa, Ya); (2)
(xy,¥n) (n = 1,2,...,N —n) that the variable values at these points
are still unknown and need to be solved, where subscript « rep-
resents the measuring point of known information, subscript 7
represents the point to be estimated, N represents all discrete

2(BO;70)=22°

2(80:70)=-15°

20 20y525

Friction angle ¢ (°)

9(50;30)=20°

p(010)=18¢

x (m)

(a)

Y (m)
Friction angle ¢ (°)

0 20 40

60 80 100
X (m)

©

points in the random field, and n represents the total number of
measuring points with known information.

The conditional random field consists of the following three
parts:

ZC(xay) :ZU(Xay)+[Zk(xay)_ZS(X7y)] (18)
where Z,(x,y) is a nonconditional random field, Zy (x,y) is the or-
dinary Kriging random field obtained at the point
(Xa,Ya) (= 1,2,...,n) based on the known information point, and
Zs(x,y) is the simulated value obtained at the point
(Xa,Ya) (2= 1,2,...,n) based on the unconditioned random field.

At each measuring point with known information, the following
equation is satisfied:

Zi(Xa,Ya) = Z2(Xa,Ya) } (19)

Zs(Xa,Ya) = Zu(Xa,Ya)

At the measuring point with known information, Eq. (14) can be
simplified as follows:
Ze(Xa,Ya) = Zu(Xa, Ya) + [Zi(Xa, Ya) — Zs(Xa, Ya)] = 2(Xa, Ya) ~ (20)

The unconditioned random field Z,(x,y) is generated by using
the K.L. method in Section 3.2, and the value at the point Z;(x,y) to

0(80.70)522°% 23

0(80,70)=15° 5t

Friction angle ¢ (°)

@20, 20¥=25¢ 18
2(5030)=207
17
p(0.0)=18° 16
0 20 40 60 80 100
x (m)
(®)
100
24
90
- 23
22 o
70 12 o
S
60 21 2
o oh
g s0 2 g
~
40 . _g
3}
. 18 4o
B
20
17
10
16
0
0 20 40 60 80 100
x (m)
(d)

Fig. 7. Kriging conditional random field model of friction angle: (a) Case 1 (fx = 6, = 10 m), (b) Case 2 (fx = f, = 10 m), (c) Case 3 (fx = , = 2 m), and (d) Case 4 (fx = 2 m, and

6y = 10 m).
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Fig. 9. A 3D conceptual model of the Baihetan hydropower station.

be estimated is determined by the Kriging interpolation equation
(Eq. (10)):

n
Zk(x"hy"]) = ZAaz(xb‘hya) (77 = 1727”.71\]7”) (21)
a=1

Similarly, it can also be determined by the Kriging interpolation
equation (Eq. (6)):

n
Zs(Xn,yn) = > AaZu(Xa,Ya) (1 =1,2,...,N—n)

a=1

(22)

where the only difference between Zy (x,,y,) and Zs(x;, yy) is that
the former is obtained by interpolation based on measured points
Z(Xa,Yo) With known information, and Zs(xy,y,) is obtained by
numerical interpolation in the unconditional random field

simulation at the same location. Therefore, Eq. (18) can be simpli-
fied as follows:

Zy Xy, Yn) — Zs(Xn,Yn) =
Z Aalz(Xa,Ya) — Zu(Xe,Ya)] (0 = 1,2,...,N —n)

a=1

(23)

where the weight coefficient A, can be obtained from Eq. (16).
The generation process of the Kriging conditional random fields
is summarized in the flowchart shown in Fig. 6. The flowchart of the
analytical method’s solution procedure can generally be divided
into two parts: site information processing and the Kriging condi-
tional random field model generation. For the processing of site
information, the probabilistic model and statistical characteristics
(e.g. mean and variance) of spatial variability of geotechnical
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parameters are first determined from the site information. Then,
the dimensions and simulation scopes of the site to be simulated
are determined. Next, the appropriate correlation function and
reasonable fluctuation distance are selected. Finally, based on the
above results, the simulation model is meshed. For the generation
of the conditional random field model, the covariance matrix of grid
points in the whole simulation model is first generated. Then, the
covariance matrix of the known points is generated. Next, the
weighted coefficients of each unknown point in the random field
are determined by the Kriging method. Finally, the conditional
random field model is established.

To verify the feasibility and rationality of the Kriging condition
random field simulation method, the case in Section 3.2 is used for
verification, in which the site area, discrete element size, and
characteristic quantities are all the same. The coordinates of the
additional test points are added to the field, as shown in Table 2.
Based on the above theoretical derivation, the Kriging conditional
random field of the friction angle is generated by programming. To
further verify the influence of autocorrelation distances on the
results, the autocorrelation distances in the x and y directions are
both set to 10 m (fx = f, = 10m) in Cases 1 and 2; the auto-
correlation distance in the x and y directions are both set to 2 m
(0x = 0y = 2m)inCase 3; and in Case 4, the fy is set to 2 m, and 6,
is set to 10 m. The corresponding conditional random field models
are presented in Fig. 7. It can be seen from Fig. 7a and b that the
friction angles at the test point strictly conform to the data in
Table 2, and the friction angles around the test points are limited by
the measured values and the spatial correlation. Fig. 7c shows the
autocorrelation distances y = y = 2 m, thus the spatial corre-
lation is worse than the random field in Cases 1 and 2. In Fig. 7d, the
autocorrelation distances are fy = 2 mand 6y = 10 m, hence the
spatial correlation in the x direction is worse than that in the y
direction.

Based on the above simulation results, it can be concluded that
the Kriging conditional random field model established in this
study can reasonably and effectively represent the main site in-
formation features.

The Kriging conditional random field model is established based
on the Kriging interpolation method that obeys the criteria of un-
biasedness and minimum estimated variance. Furthermore, this
model considers not only the variable values, but also the spatial
positions of variables. On the premise of enough field experimental
and measured data, the Kriging conditional random field model can
significantly reduce the spatial variability of the random field.
However, if the available measured data are limited or the specific
position of the measured points cannot be determined, this method
is not applicable.

Table 3
Information on in situ direct shear tests of WISZs.
Test  Location Shear Description
adit strength
¢ C
(°) (MPa)

PD41 At the depth of 28 14.6 0.06 Single-layer A;-subtype structure, rock
—36 m debris with mud type, clay content: 9.9%
—11%.
14.6 0.03 Single-layer A;-subtype structure, mud
with rock debris type, clay content: 9.9%
—13%.
PD301 In the test adit at 14.6 0.06 Single-layer A;-subtype structure, mud
the depth of with rock debris type, clay content: 7.3%
154 m —17.5%
PD61- 700 m away from 15.1 0.07 Single-layer A;-subtype structure, mud
2 abank slope with rock debris type

PD41- At the depth of
1 140.2—144 m

Legend
“ Test adits I Drilling

[ Underground Seepage-cutoff
caverns tunnel

Fig. 10. Borehole and sampling locations of WISZ C; in the left bank.

4. Analytical method of spatial variability for Baihetan WISZs

To accurately represent the structure and spatial variability of
WISZs, an analytical technique is employed, which can express the
spatial variability and correlation of mechanical parameters, based
on the theoretical framework of the conditional random field
mentioned above. The analytical method comprises site informa-
tion, an outer ring, and an inner ring (see Fig. 8). The site infor-
mation encompasses the dimension, statistical histograms, and
constraint conditions (direct and indirect information) of the
strength parameters of WISZs. The outer ring consists of the sta-
tistical processing of site information and the inner ring. The sta-
tistical processing of site information involves fitting the
probability distribution function and correlation function based on
the distribution laws of the strength parameters, meshing the site,
establishing the unconditional random field, Kriging interpolation,
and obtaining the Kriging conditional random field of the strength
parameters of WISZs. To analyze the excavation disturbance of the
surrounding rock of the underground powerhouse, the inner ring
essentially involves integrating the strength parameters derived
from the conditional random field model into the 3DEC simulation
software.

4.1. Simplification of the Baihetan WISZs

Section 2 presents in detail some of the key engineering
geological characteristics of WISZs. WISZs in the Baihetan dam area
exhibit apparent spatial variability and correlation in their struc-
ture and fabric, as observed in the literature. However, the detailed
demonstration of the structural and fabric features of large-scale
WISZs is challenging due to insufficient geological information at
each location in the dam region (Fig. 4). These concerns necessitate
the creation of an engineering model that preserves the mechanical
consistency and precision of the computation results. To simplify
the Baihetan WISZ C,, the following procedure has been followed:

(1) The thicknesses of WISZs are far smaller than their plane
size; therefore, they have been simplified into structural
planes without geometrical thickness.

(2) The large-scale complex structures and fabrics of WISZs can
be represented by the spatial variability and correlation of
strength parameters.
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Table 4
Borehole and sampling information of WISZ C,

Location Test adit Coordinates (x, y, z) Clay content (%) Classification Friction angle (°)
Near the main powerhouse PD61-3 CZK1 (77.2,72.3,527.1) 52 Breccia with rock debris 284
CZK2 (77.1,175.2, 542.9) 13.1 Mud with rock debris 17.3
CZK3 (77.0, 287.9, 560.2) 8.9 Rock debris with mud 22.5
CZK4 (77.1, 395.7, 576.7) 7.3 Rock debris with mud 24.2
CZK5 (80, 503, 592.4) 15.2 Mud with rock debris 15.1
Near the transformer chamber PD61-4 CZK6 (-130, 157.5,591.4) 2.5 Breccia with rock debris 28.8
CZK7 (-121.4,298.5,610.9) 7.5 Rock debris with mud 24.2
CZK8 (-140.5, 58.1, 578.8) 20.1 Mud with rock debris 14
Near the tailrace surge tank PD61-5 CZK25 (-184.2,146.9,603.2) 3 Rock debris with mud 24.2
CZK27 (-219.1, 8.2, 603.1) 14.8 Mud with rock debris 15.5
CZK29 (-225.4,-115.9,573.1) 3.5 Rock debris with mud 24.2
PD61-2 (-252.8,300.4,643.7) 17.8 Mud with rock debris 14
Seepage-cutoff tunnel in C, K0+635 (115.3,397.1, 567.4) 121 Mud with rock debris 184
K0+618 (115.1, 385.6, 565.7) 7 Rock debris with mud 24.2
K0+613 (115.3, 397.1, 567.4) 2.6 Breccia with rock debris 28.8
K0+606 (115, 373.9, 564) 25 Breccia with rock debris 28.8
K0+599 (115.1, 362.3, 562.2) 12.1 Mud with rock debris 184
K0+586 (115.2, 350.7,560.4) 0 Breccia with rock debris 28.8
K0+572 (114.4, 339, 558.8) 5 Rock debris with mud 24.2
K0+564 (113.1, 327.3, 557.3) 1.5 Breccia with rock debris 28.8
KO0+550 (117.1,311.3, 553.9) 7.6 Rock debris with mud 242
K0+545 (125.7, 303.5,550.5) 12.3 Mud with rock debris 18.2
K0+530 (115.2, 300, 552.6) 13.8 Mud with rock debris 16.5
KO0+510 (112.4, 277.3, 549.8) 4.2 Rock debris with mud 24.2
K0+495 (113.7, 261, 547) 6.8 Rock debris with mud 242

(3) The current conditional random field model only considers
the friction angles of WISZs, while the cohesion and defor-
mation modulus are treated as deterministic parameters.

Therefore, the spatial variability and correlation resulting from
the structural and fabric characteristics of WISZs have been trans-
lated into the spatial variability and uncertainty of the mechanical
parameters, i.e. the friction angle. The aim of precisely character-
izing the spatial variability of WISZs has been accomplished by
constructing the appropriate conditional random field model.

4.2. Site information processing

WISZ C; in the left bank of the Baihetan hydropower station is
investigated. It can be seen from Fig. 9 that the WISZ C, with a dip
direction of N40°E and a dip angle of S.E. ~15°—20° cuts obliquely
to the center and lower portions of the main underground
powerhouse, and the lower part of the main transformer chamber
and the middle part of the #1, #2, and #3 surge chambers.

Underground caverns

Main transform room

1 Tailrace tunnel

|
|
71 Busbar chamber ‘
|
|

-1 Replacement tunnel

Fig. 11. 3D numerical model of main underground caverns.

The determination method of shear strength parameters of
WISZs can be classified as direct and indirect information. The
direct information refers to the shear strength parameters of WISZs
directly obtained from in situ tests (i.e. Zy(X) = z,). The indirect
information refers to independent variables related to shear
strength parameters of WISZs, which can be calculated by mathe-
matical relationships, e.g. f[Z.(x)] = £,. In conditional random
fields, both types of information can be employed as constraints to
make random fields more suitable for describing spatial variability
and correlation of shear strength (Ching and Phoon, 2019).

(1) Direct information

A total of 16 groups of in situ direct shear tests were carried out
on the Baihetan WISZs (C,—Cs), and four groups of them were
conducted on WISZ C, exposed in the test adits of PD41, PD41-1,
PD301, and PD61-2. The in situ direct shear tests performed on
WISZ C; are summarized in Table 3.

(2) Indirect information

Due to the high costs and operational complexities involved in
testing, it is not feasible to conduct a significant number of field
tests on WISZs in the dam area. Consequently, only a limited
number of shear strength parameters for WISZs can be obtained
using direct information. Furthermore, it is difficult to precisely
determine the location of measuring sites for conducting in situ
tests. Existing literature reveals that many researchers have con-
ducted in situ and laboratory direct shear tests on WISZs, mainly
focusing on predicting the strength parameters of WISZs and
identifying factors responsible for significant variations in strength
parameters (Xu et al.,, 2012; Han et al., 2021a). This study adopts the
method for predicting strength parameters proposed by Han et al.
(2021a). Fig. 10 illustrates the sampling locations of WISZ C,, both
for the seepage cutoff tunnel and the boreholes near the under-
ground caverns. Table 4 provides detailed information on sampling
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Fig. 13. Models of the underground caverns at Baihetan hydropower station and the conditional random field of the friction angle of WISZ C,: (a) Case 1, (b) Case 2, and (c) Case 3.
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Fig. 16. Distribution features of plastic zones in WISZ C, caused by excavation
disturbance.

where p(ts,74) is the autocorrelation coefficient between any two
points in the friction angle random field of WISZ Cy; 15 and 14 are
the relative distances between any two points in the strike and dip
directions in the random field of WISZ C,, respectively; and 65 and
fq are the autocorrelation distances in the strike and dip directions
in the random field, respectively. Finally, based on the maximum
likelihood function estimation method, critical parameters such as
the mean value of the friction angle, autocorrelation distance in
strike and dip directions, and standard deviation are determined as
22.7°,118.6 m, 9 m, and 4.99 m, respectively.

4.4. Model of conditional random field of WISZs based on discrete
element method

The flowchart depicted in Fig. 6 is used to develop the Kriging
conditional random field of the friction angle of WISZ C,. Subse-
quently, the developed conditional random field of WISZ C; is in-
tegrated with the numerical software 3DEC (Itasca Consulting

Frequency (%)

Fig. 17. Histogram of safety factor F;.

Grouplnc, 2017) for stability and safety analysis in the under-
ground caverns model of the Baihetan hydropower station. 3DEC is
a continuous-discrete element method that is superior to the
conventional finite element method in simulating the mechanical
behavior of discontinuities in rock masses. Additionally, it has high
calculation efficiency and can perform calculations for large-scale
engineering simulations. Therefore, 3DEC is used to investigate
large-scale WISZs embedded in underground caverns.

Based on the assumptions mentioned in Section 4.1, the WISZ C,
is directly processed into a 2D (strike and dip) structural plane
without thickness in the 3DEC. The following is the detailed pro-
cedure for obtaining the conditional random field of the friction
angle for WISZ C; of the Baihetan underground caverns:

(1) The Baihetan underground caverns, which include the main
and auxiliary powerhouses, main transformer chamber,
busbar tunnels, tailrace tunnel, and concrete replacement
tunnel, are being constructed (Fig. 11).

(2) WISZ C; is modeled by a gently inclined joint surface in 3DEC
software, whose grids are as even as possible. The triangular
grid size in the joint surface of WISZ C; is set to 4—5 m
(Fig. 12).

(3) The 3DEC defines the contact point in the joint surface of
WISZ C; as the sub-contact nodes, and it outputs and stores
the coordinates of each sub-contact point on WISZ C; as text
files.

(4) The coordinates of drilling points and measuring points are
mapped to the discrete element numerical model one by one
and their coordinates are acquired in the numerical model.

(5) The coordinates of sub-contact points in WISZ C, are read
and then the random field of the friction angle corresponding
to the sub-contact nodes in WISZ C, is established using the
Kriging conditional random field model. After that, the
random field information that includes the ID, coordinates,
and friction angle of the sub-contact nodes is output.

(6) The friction angles corresponding to each sub-contact node
on the joint surface of WISZ C; in the 3DEC model are
retrieved from the text file containing conditional random
field data.

A model of underground caverns is developed using the con-
ditional random field model of the friction angles of WISZ C; in
3DEC, based on the methods described above. Additionally, three
cases of the conditional random field for the contact angle are
shown in Fig. 13.

5. Engineering application: activation analysis of WISZ C,
disturbed by excavation

5.1. Activation scope of WISZ C, in underground caverns

5.1.1. Displacement distribution

Fig. 14 displays the distribution characteristics of the shear
displacement of WISZ C,. It is evident that WISZ C; has been
impacted by excavation disturbance, resulting in an apparent local
shear displacement of WISZ. The busbar chamber located near
turbine unit #3 exhibits the highest shear displacement (approxi-
mately 0.12 m), while typical shear displacement values range be-
tween 0.01 and 0.05 m. Furthermore, evidence of successful control
of shear slip of the rock mass along WISZ C, due to excavation
disturbance can be observed from the shear displacement on both
sides of the replacement tunnels, which exhibit discontinuous
features.
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5.1.2. Shear stress distribution

Fig. 15 illustrates the distribution characteristics of the
excavation-induced shear stress in WISZ C,. It is evident that due to
excavation disturbance, shear stress concentration occurs in WISZ
C, to some extent. The concentration of shear stress is primarily
observed in the excavation zones, where it reaches a maximum
value of approximately 20 MPa near the replacement tunnel.

5.1.3. Activation scope of WISZ C;

The characteristics of the plastic zone distribution in WISZ C; are
shown in Fig. 16. It can be observed that when the plastic zone
distribution is combined with the shear stress and displacement
distribution characteristics, the locally activated area of WISZ C,
caused by the excavation of underground caverns varies from 0.5 to
1 times the span of the main powerhouse. Moreover, the replace-
ment tunnel plays a crucial role in providing shear resistance and
controlling the magnitude of the shear slip of WISZ C,.

5.2. Overall safety evaluation of WISZ C, activation

The discrete element numerical model can be utilized to
determine the safety factor of WISZ C; activation during excavation
disturbance. The calculation equation of the safety factor F; is as
follows:

Fs=R/S=1 (25)

where S is the sliding force and R is the anti-sliding force.

The sliding force S on WISZ C; is obtained by accumulating the
shear forces of all sub-contact dislocation zones. The sliding force
can be calculated as

s = [ 02+ o 2+ of 2] A

g (26)
s=5"5

i=1

where §; is the sliding force on each sub-contact; sf x, sf y and sf z
are the shear stress components in the x, y and z directions on each
sub-contact, respectively; and A; is the area of each sub-contact.

The anti-sliding force R on WISZ C, is calculated by accumu-
lating all the sub-contacts on Cy:

R; = (op; tan ¢; + ¢;)A;

R = ZH:R,- (27)

i=1

where R; is the anti-sliding force on each sub-contact, oy; is the
normal stress in the sub-contacts element, ¢; is the friction angle of
each sub-contacts unit, and c; is the cohesion of each sub-contact.

The Kriging interpolation technique is employed in the Kriging
conditional random field to estimate the strength parameters at
unconstrained locations within the site. The data from these
interpolation points contain some unpredictability, which can be
significantly reduced by increasing the number of samples. To
develop the conditional random field samples of WISZ C,, the
Monte Carlo sampling technique is used. Based on numerical sim-
ulations, the safety factor (Fs) of the underground caverns equiva-
lent to each random field sample is determined. A total of 1000
simulation calculations are performed, and the distribution histo-
gram of the safety factor Fs for the activation sliding of the under-
ground caverns along WISZ C; is plotted in Fig. 17. The simulation
results demonstrate that the safety factor roughly follows a normal

distribution with a mean of 3.697 and a standard deviation of
0.0589 (Fig. 17).

6. Conclusions

Large-scale WISZs are difficult to accurately characterize in their
natural and complex occurrences due to their widespread distri-
bution, undulating morphology, complex fabrics, and varying
contact states. To address this issue, the complex occurrences of
WISZs that induce spatial variability and correlation are simplified
to the spatial variability and uncertainty of their mechanical pa-
rameters, such as the friction angle. Additionally, the theories of
random field and Kriging interpolation are presented to create the
Kriging conditional random field. The Kriging conditional random
field of the friction angle is then included in the activation analysis
of WISZ C, at the Baihetan hydropower plant’s underground cav-
erns using 3DEC. The following conclusions can be drawn:

(1) An analytical technique for precisely characterizing the
complex occurrences of WISZs is developed using the Kriging
conditional random field model.

(2) The activation range of WISZ C, due to excavation distur-
bance is approximately 0.5—1 times the main powerhouse
span, indicating local activation.

(3) The shear slip of WISZ C; is controlled by the replacement
tunnel, which is also essential for the shear resistance.

(4) The Monte Carlo sampling method is used to simulate 1000
cases of underground cavern excavation. The results
demonstrate that the overall safety factor of WISZ C; roughly
follows the normal distribution with a mean of 3.697 and a
standard deviation of 0.0589.
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