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To tackle the challenges of extensive drawing workloads and limited precision inherent in the application of
block theory, this paper presents an optimization of block theory based on an improved vector method.
Additionally, the Unwedge computer program is employed to conduct visual simulations of block theory
applications, thereby enhancing the ease of utilizing block theory. To validate the accuracy of our research
findings, we conducted a case study on the stability of surrounding rock in deeply buried underground caverns
with complex geological structures at Jinping-1I Hydropower Station. The research results reveal that the refined
vector method can swiftly identify the stability of surrounding rock in various study areas, offering a valuable
reference for the practical excavation of underground caverns. In the engineering case, safety concerns arise in
key block zones with safety factors below 1.5, necessitating the implementation of appropriate safety measures
during excavation. Furthermore, some key blocks exhibit a safety factor of zero and are positioned at the top of
the cavern. In theory, these key blocks could have a certain impact on the stability of the surrounding rock of the
cavern. However, given their small volume and weight, they can be deemed stable. By comparing the refined block
theory and computer program calculation results with the actual construction and excavation process of the
underground cavern, we found that they are largely consistent. This underscores that the improved method
proposed in this paper can provide theoretical support and a feasible basis for the excavation of deeply buried

underground caverns.
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1. Introduction

Deeply buried chambers are constructed under complex geological
conditions and are greatly affected by natural geological states (geostress,
geological physical parameters, groundwater, and faults) and artificial
excavation (excavation patterns, support patterns, and timing). Due to the
large burial depth, added with complex geological structures,
underground chambers are in an extremely complex geological
environment, for which stability analysis of surrounding rocks is very
difficult. With the flourishing of large-scale underground engineering in
each country, underground chambers are increasingly up scaled, and their
burial depth becomes increasingly large, which also sets higher
requirements for stability. In the meantime, due to the complexity and
unpredictability of various geological conditions that influence the
stability of chambers, the stability analysis of surrounding rocks of
underground chambers has become the major issue of underground
engineering. It is not only related to whether hydropower stations can be
smoothly constructed and commissioned or not, but also, to a large extent,
determines the investment and construction period of engineering.
Although rich experience has been accumulated through numerous
underground engineering practices. Even though the basic geological
conditions and engineering characteristics of surrounding rocks of
chambers are not well understood because engineering geological survey
is not detailed and deep enough, and stability analysis and evaluation
methods are less reasonable. As a result, some chambers suffer large-scale
collapse during construction, so that construction cannot proceed, and the
chambers are even abandoned. Some chambers experience deformation
and failure during operation, which seriously influences their use.
Considering this, it is necessary to take complex engineering measures.

The block theory has gradually developed and improved since the
mid-1980s. In the efforts of American professor R.E. Goodman and Chinese
professor Shi, the block theory has gradually developed into an important
theory for stability analysis of rock engineering (Wang et al. 2020; Zhang
et al. 2023). The block theory is a stability analysis method of block rock
mass by virtue of the topology, set theory, geometry, and vector algebra
and has been widely used in the world. The block theory is mainly applied

under the following assumptions: 1) structural planes in the rock mass are
all planes and run through the whole rock mass; 2) structural bodies are
all rigid bodies; 3) failure mode of rock mass under various loads is firstly
shown as shear displacement along structural planes. On the basis of the
above assumptions, structural planes and free excavation faces are
regarded as spatial planes at first. That is to say, structural bodies are
considered as asperities and various loads as spatial vectors, thus using
geometric methods for mobility and stability analysis of blocks under
spatial plane conditions (Mahdevari et al. 2020; Loss. 2021).

The block theory is highly reliable in theoretical computation of
deeply buried underground chambers. To facilitate the utilization of the
theory, researchers have developed Unwedge programs on the basis of
block theory. This program is primarily used to analyze the stability of
blocks formed in hard rock masses. It features a user-friendly interface,
supports interactive operation, and can intuitively display spatial
geometric shapes. The program can also be utilized for analysis and
computation of anchor reinforcement of unstable blocks (Fu et al. 2021;
Qiang and Li 2021; Lodge et al. 2022). It is able to automatically generate
and search for the largest possible wedged blocks and calculate their
safety factors. According to the calculation results of the program, users
can screen and further analyze the formed blocks combining with actual
outcrop.

However, the application of block theory is often hindered by
substantial drawing workloads, limited precision, and challenges related
to visualization and usability. To address these issues, this paper
introduces an optimization of block theory based on an advanced vector
method. Furthermore, the Unwedge computer program is employed to
conduct visual simulations of block theory applications, thereby
significantly enhancing the convenience of its utilization. To validate the
accuracy of our research findings, an in-depth engineering case study was
conducted on the underground caverns of the Jinping-II Hydropower
Station. The analysis and verification undertaken in this study not only
confirmed the feasibility of the research method proposed in this paper
but also provided practical and reproducible guidance for actual
construction projects.
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2. Improved block theory
2.1 Basic types of blocks

Blocks can be classified into two types: finite and infinite blocks.
Therein, finite blocks are constituted by movable and immovable blocks;
meanwhile, possibly unstable blocks, stable blocks, and key blocks
constitute movable blocks, as shown in Fig. 1.
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2.2 Types of pyramids

Pyramids are formed by translation of various structural planes and
free faces in space, so that the origin is located on each structural plane to
form a series of tetrahedrons with the origin of coordinates as the vertex
(Zerradi et al. 2020; Sarkar et al. 2021; Abdallah et al. 2023). There are the
following several types of pyramids:

(1) Joint pyramid (JP), which is formed by the half-space of rock mass

only bounded by structural planes;

(2) Excavation pyramid (EP), which is formed by the half-space of
rock mass only bounded by free faces;

(3) Space pyramid (SP), which is the pyramid beyond the EP;

(4) Block pyramid (BP), which is formed by the half-space of rock
mass bounded by several structural planes and more than one
free face.

In analytic geometry, the equation for structural planes in the rock

mass is expressed as follows:
Ax+By+Cz=D @8]

Geometrically, the space is divided into two half-spaces by a single
structural plane. Then, the following expression can be used to represent
the half-space:

Ax+By+Cz=D (2)

The equation set of blocks formed by n half-spaces is expressed as

Aix+Byy+Cz=D;
A,x + B,y +C,z> D,
Azx + B3y + C3z = Ds

Apnx+ By +Cyz=D, 3)
Generally, an n-faced block can be expressed by n inequations, and the
intersection of n half-spaces is the block. Eqns. (1) ~ (3) all contain D that
represents the detailed spatial locations of half-spaces, planes, and blocks.
Various planes are translated one by one through the origin. Then, 0
can be used to replace D in the above equations. Pyramids are formed by
each plane of blocks that pass through the origin. That is to say, the
intersection of half-spaces that pass the origin of coordinates is a pyramid.

2.3 Finite and mobility theories of blocks

Infinite and finite blocks are both formed by cutting structural planes.
What is available for engineering are finite blocks. The finite theory of
block theory is

JPIEP = @, @ isnullset 4)

If the solution of Eq. (3) is unique and a zero solution, the
corresponding blocks are finite ones. Assuming that Eq. (3) has a non-zero
solution, that is, there are block pyramids, then the corresponding blocks
are infinite blocks.

If one block is a finite block formed by intersection of structural planes
and free faces and the fracture block is an infinite block, the block is a
movable block; if the formed block and the fracture block are both finite
blocks, then the block is an immovable block. It can be expressed by the
following equation:

JP #+ ® and JPIEP = ® or JP c SP (5)

As awhole, the general method based on block theory is to exclude all
immovable and infinite blocks through geometrical analysis. Then, blocks
that may become instable under all kinds of loads are analyzed on the basis
of kinematics. Finally, key blocks on the excavation face are ascertained
based on known physical and mechanical properties of gliding planes
(Shrestha. 2020; Haryono and Purwodihardjo 2021; He et al. 2021;
Janiszewski et al. 2021).

2.4  Stability evaluation of
separating from rock mass

blocks directly

Under the condition, blocks are only under the active resultant force
r, without resistance. That is, the safety factor can be designed to be 0.

2.5 Stability evaluation of blocks during single face
sliding

When using the ultimate equilibrium, the ratio of sliding resistance to
sliding force on the griding plane is the safety factor. Considering cohesion,

safety factor F can be calculated using the following formula:
Nifi+Ci-A;
Fo==" (6)

where f; and C; separately represent the friction coefficient and
cohesion; 4; is the area of griding plane; T; and N; are separately the
tangential and normal components of 7 on the griding plane i, in which
N; = |r-m;| T; = | - n;|. The expression of safety factor (not considering
cohesion) is
_ Nifi

Fo T, (7)
2.6 Stability evaluation of blocks during double-
face sliding

When considering cohesion, the safety factor is expressed as follows:
Ni'fi+Ci'Ai+N]"fj+Cj'A]'
F. = T (8)
Uy

2.7 Improved block theory

In the application of the aforementioned block theory for
computational and stability evaluations, a substantial workload related to
graphical representation frequently arises. To mitigate this challenge, this
paper introduces an optimization of block theory usage through the
construction of joint cones, leveraging the vector method. In rock mass
engineering scenarios featuring four sets of structural planes, tetrahedra
and pentahedra constitute the primary geometric shapes. Tetrahedra are
formed through the intersection of three of these structural planes with
the excavation surface, whereas pentahedra results from the interaction
of all four structural planes with the excavation surface. Assuming the four
sets of structural planes are designated as J1, ]2, J3, and J4, there emerge
five potential combinations: J1-]2-]3-]4, J1-]2-]3, J1-]2-]4, J1-]3-J4, and ] 2-
]J3-J4. Hence, in identifying the largest movable block, it is imperative to
comprehensively consider the joint cones formed by combinations of both
three and four structural planes. This paper adopts the vector method to
facilitate the construction of various joint cones, with the normal vectors
of the structural planes derived from the average values of their respective
parameters:

n; = (sina;sinp;, cosa;sinf;cosp;) 9)

The joint cone JPr is represented as JP (a1a,...an), where r denotes
the number of the joint cone, with r ranging from 1 to 2™; a; represents the
positional parameter of the joint cone; a;=0 indicates that the joint cone is
located above the ith structural plane, while aj=1 indicates that it is below
the ith structural plane. An mxm diagonal matrix is constructed according
to the following formula:

Gip(ayay.am = diag(—2a; +1,-2a, + 1, ..., —2a,, + 1) (10)

When constructing a joint cone using three structural planes, there are
three intersection lines between the planes, and their direction vectors can
be represented as N:

N = (n; X ny,ny X ng,n, Xny)7 (11)

The expression for the edge vector set of the joint cone JPr can then be
obtained as:

v, =EN (12)

In practical applications, the Y-axis represents the tunnel strike, and
the Z-axis points vertically upwards. When forming the largest block, the
excavation surface is tangent to the edge ridge line of JP. The vertex of the
largest block is the intersection of four ridge lines, which are also the
intersections of four structural planes. When the excavation surface is
represented by a single curve, it is easy to determine the ridge line location
through the tangency condition. However, when the excavation surface is
composed of multiple curves, one must first determine which edge ridge
line is tangent to before locating it. At this point, the ridge line of the joint
cone is projected onto the XOZ plane, and the edge ridge line of the joint
cone can be determined by the maximum included angle. Based on this,
the stability coefficient of the block can be quickly obtained.
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3. Visual simulation using the unwedge
computer program

After calculating the stability coefficient of the surrounding rock in a
deeply buried underground cavern using the improved block theory,
further visual simulation is conducted through the Unwedge computer
program. The simulation results are then compared and validated with
theoretical calculations and actual excavation data to guide the
construction process on site.

3.1 Basic principles

Stress on the blocks can be classified into two types: active force and
passive force. When calculating the theoretical safety factor using the
program, the active force is the sliding force, while the sliding resistance is
the passive force (Hustrulid and Johnson 2020; Paraskevopoulou and
Boutsis 2020; Khodr et al. 2023; Lemos et al. 2024).

3.2 Active vectors

Active vectors can be calculated using Eq. (13).

A=W+C+X+U+E (13)
where A is the vector of active force; W is the gravitational vector of blocks;
C is the gravitational vector of shotcrete; X is the vector of active pressure;
U is the vector of water pressure; E is the seismic vector.

(1) Gravitational vector
The gravitational vector is the main sliding force, which is calculated
using the following formula:

W=@-v)-9g (14)
where W is the gravitational vector; ¥, is the unit weight of blocks; v is the
volume; g is the direction vector of gravity.

(2) Gravitational vector of concrete

In general cases, this part of gravitational vector is negligible, while it
needs to be considered if the concrete reaches a certain thickness. The
calculation formula is

C=@sta)g (15)
where C is the gravitational vector of concrete; y; is the unit weight of
concrete; t is the thickness of concrete; a, is the projection of blocks on the
free face; g is the direction vector of gravity.

(3) Vector of active pressure
In the program, the vector of active pressure can be expressed using
the following calculation formula:

X=3lipan (16)
where p; is the pressure on block face i; r_zj is the normal vector on face i;
X is the vector of active pressure; a; is the area of face i.

(4) Vector of water pressure
Hydrostatic and hydrodynamic pressures are parameters needed in
computational analysis of each structural plane in the program.
1) Hydrostatic pressure
U=%i wa TT: (17)
where q; is the area of face i; U is the vector of hydrostatic pressure; u; is
the water pressure on structural plane i; 7, is the normal vector on face i.
2) Hydrodynamic pressure
The hydrodynamic pressure is assumed to change linearly with the
depth in Unwedge program, so triangulation is performed for each face in
the computation. After calculating the water pressure on each triangular
element, the sum of water pressures on various triangular elements is the
water pressure on each structural plane. The calculation formula is

U=Y5i, Y nohija;m (18)
where U is the vector of hydrodynamic pressure; i is the structural plane
of a block beyond the outcrop of the free face; j is a triangular element on
face i; n is the number of triangular elements triangulated on face i; a;; is

the area of triangular element j on face i; 7, is the normal vector in the
direction i; h;; is the average depth of triangular element j below the
surface, in which h;; = 1/3 %7, (gse — y,); gse is the surface elevation; y;
is the elevation of vertexes of triangular elements on face i.

(5) Seismic vector

In Unwedge program, the seismic vector can be calculated using the
following formula after determining seismic coefficients in each direction.

E=(k-y-V)- ¢ (19)

where K is the seismic coefficient; E is the seismic vector; V is the block
volume; y, is the unit weight of rocks; ¢ is the direction vector of seismic
force.

3.3 Vectors of passive forces

The anchoring force of bolts, supporting force of concrete, and passive
pressure constitute main passive forces of the system. Vectors of passive
forces can be expressed by Eq. (20):

P=H+Y+B (20)

where H is the vector of shearing resistance of concrete; P is the vector
of passive force; B is the vector of anchoring force of bolts; Y is the vector
of passive pressure.

(1) Vector of passive pressure

Y=%Lipi-a-m 21
where p; is the pressure on face i of blocks; Y is the vector of passive

pressure; a; is the area of face i; rT: is the outgoing normal vector on face i.

(2) Vector of shearing resistance of concrete

The vector of shearing resistance of concrete mainly plays a partial
support role, and concrete directly infiltrates in the boundary surface to
play a reinforcement role.

(3) Vector of anchoring force

The vector mainly plays a role in support via the tensile and shear
capacities. Generally, the safety factor is designed in the range of 1.25 ~
2.0 under different geological conditions. When using the shear mode in
the design,

=T _KsFx-Fe (22)
fSUAS fS'UAS
The following is generally used in tensile design
N =54 (23)

where K; is the designed safety factor; T is the anchoring force needed for
blocks; Fy is the resistance of blocks; As is the area of anchor bolts; fy, is the
shear strength of anchor bolts; T is the designed tensile capacity of a single
anchor bolt; Gy is the remaining sliding force of unstable blocks; N is the
number of anchor bolts needed. The maximum values of Eqns. (22) and
(23) are taken in the design.

3.4 Analysis of safety factors

Three safety factors are mainly used in the computation of the
program, namely, safety factors without support, safety factors during
sliding, and safety factor with support (Hosseini. 2016; Potvin et al. 2019;
Lenjani and Nikjo 2021; Sengani and Mulenga. 2022). The final design
result is to take the maximum of the three.

(1) Safety factors during sliding (Fy)

During analysis in the case, only passive pressure and tensile strength
are considered. The active force mainly plays a role as the sliding thrust
and the sliding direction is the direction of the vector of active force. The
calculation formula is

PS50 +2i T
Ff = Toll (24)
where F;is the safety factor; P is the vector of passive force; S is the vector
of active force; T; is the resistance contributed by tensile strength on
structural plane i; 5 is the direction vector during sliding.
(2) Safety factor without support (F,)

During calculation under the condition, the resistance contributed by
shear and tensile strengths serve as the main sliding resistance. The
calculation formula is
3 JR4T;
F, ==& ;s‘_o. - (25)
where A sit the vector of active force; F, is the safety factor without
support; T; is the resistance contributed by tensile strength under
condition without support; J* is the resistance contributed by shear
strength under condition without support; 5; is the vector in the slip
direction of blocks.

(3) Safety factor with support (Fs)

When calculating this safety factor, the resistances contributed by
passive support, shear strength, and tensile strength all need to be
considered. In addition, the resultant force of active and passive forces
generates the following normal force:
where P is the vector of passive force; 3 is the vector in the slip direction
of blocks; F; is the safety factor with support; J{ is the resistance
contributed by shear strength under condition with support; A is the
vector of active force; T; is the resistance contributed by tensile strength
under condition with support.

4. Engineering application
4.1 Engineering Overview

Jinping II Hydropower Station is located at Jinping bend along the
trunk stream of Yalong River at the junction of three counties, namely, Muli
Tibetan Autonomous County, Yanyuan County, and Mianning County
(Liangshan Yi Autonomous Prefecture, Sichuan Province, China). Yalong
River, as the largest tributary of Jinsha River, springs from the southern
foothill of Bayan Har Mountains in Yushu County (Qinghai Province,
China). Yalong River runs from northwest to southeast and turns
northeastward at Wali village after passing by Yajiang County, then
circling Jinping Mountain to form a large river bend 150 km to Bazhe
village. [t runs southward after passing by Bazhe and finally flows to Jinsha
River at Luoguo village downstream of Panzhihua City. The truck stream
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of Yalong River has a total length of 1,570 km and the drainage area covers
136,000 km2. The excavated area of underground chambers is shown on
Fig. 2.

(a) Rendering of the (b) Current excavation and
hydropower station hub construction area
Fig. 2 Excavated area of underground chambers

4.2 Geological Overview

Based on the block theory, the research region belongs to Sichuan-
Yunnan lozenge-shaped block. Regional formations can be divided into
Kangdian zone ( | ), Yanyuan-Lijiang zone ( Il ), and Barkam zone (III). The
outcropped formations mainly include the lower Ordovician series and
lower Silurian series of lower Paleozoic; middle-upper Carboniferous
series and Permian system of upper Paleozoic; and Mesozoic Triassic
system. The lower Paleozoic is a set of ultrathick clastic rocks experiencing
middle and low regional metamorphism; upper Paleozoic and Mesozoic
mainly include regional metamorphic carbonatite, clastic rocks and basalt,
and pyroclastic rocks, which are mainly distributed at the western end of
Jinping bend of Yalong River and the interfluvial block of the large river
bend. The eastern end of the large river bend mainly has Presinian
metamorphic series, Paleozoic carbonatite, Emeishan basalts and clastic
rocks, and Mesozoic clastic and clay rocks. Deposits accumulated from the
middle Pleistocene are mainly distributed sporadically along river valleys
and foothills.

From the perspective of geotectonics, Jinping Il Hydropower Station
is situated in the southeastern part of Songpan-Ganzi geosynclinal folded
system, experiencing Indosinian movement, Yanshanian movement, and
especially Himalayan movement since Mesozoic. Therefore, a series of
imbricated thrust faults, overturned strata, A-shaped recumbent folds and
stretching lineations, and klippes formed along faults are developed,
forming strongly deformed fold and fault belts at the platform edge.
Yajiang fold belt is a geosynclinal fold belt formed from Paleozoic to
Triassic. Indosinian movement at the end of Triassic enabled return of
folds, and Yanshanian movement influenced the research region, with
granite intrusion. The Himalayan movement causes strong uplifts in the
region, accompanied by fracturing activities.

4.3 Lithology

Formations outcropped in the research region are middle Triassic
Yantang Formation (Tzy) and Quaternary system (Q). Formations from old
to new are described as follows:

(1) Yantang formation (T2y)

sz4: Gray-green banded mica marble, in which dark minerals
commonly exhibit concentrated distribution in strips along beddings,
which are distributed alternately with white marble, forming clear
green-white or black-white beddings. The thickness reaches 400 m.

T»>®: Gray-black medium-grained crystalline marble with
intercalation of white coarse-grained thick marble layer, below which is
dark-gray fine-grained marble with intercalation of greyish-white fine
stripes, locally with black crystalline limestone or argillaceous
limestone.

T»>®: Greyish white to white coarse-grained marble (containing
H2S), which is shown as thick blocks, with gray to greyish-white onyx
marble, gray to gray-black porphyritic marble, and greyish-white
porphyritic marble in local areas. The above two are main formations
around the powerhouse and the outcrop is about 400 m thick.

T,% Gray to gray-black middle-thin argillaceous limestone, with
local intercalation of dark-gray medium-thick tight massive marble.
Bedding is developed and surface rocks are easily weathered. The
formation is distributed widely and outcropped above 1,870 m on the
surface of powerhouse, with a thickness of 350 m.

(2) Quaternary system (Q)

The Quaternary system is mainly distributed on gentle slopes, in
gullies, and below steep cliffs and is dominated by residual deposits,
slope deposit, and breccia, along with collapsed deposits and alluvial
deposits in local areas.

4.4  Visual analysis of surrounding rock stability

Surrounding rocks of the underground powerhouse are mainly class-
[I surrounding rocks, which account for 83.5% of the total length of

chambers; some are class- I surrounding rocks (14.1%); a few are class-
IV surrounding rocks (2.4%). During stability analysis, the surrounding

rocks are divided into the following four zones:

(1) Greyish white to white coarse-grained marble (containing H2S),
which is thick blocks, with gray to greyish-white onyx marble, gray
to gray-black porphyritic marble, and greyish-white porphyritic
marble (Tz5-(?) in local areas. The zone is labeled as I and was
measured with survey line C in field.

(2) Gray-black medium-fine-grained crystalline marble with
intercalation of white coarse-grained thick marble layer, below
which is dark-gray fine-grained marble with intercalation of
greyish-white fine stripes, locally with black crystalline limestone or
argillaceous limestone (Tz,>(V)- The zone is labeled as Il and was
measured with survey line B in field.

(3) Gray to gray-black middle-thin argillaceous limestone, with local
intercalation of dark-gray medium-thick tight massive marble.
Bedding is developed and surface rocks are easily weathered. The
formation is distributed widely and outcropped above 1,870 m on
the surface of powerhouse, with a thickness of 350 m (Tz¢). The
zone is labeled as Il and was measured with survey line D in field.

(4) Gray-green banded mica marble, in which dark minerals commonly
exhibit concentrated distribution in strips along beddings and they
are distributed alternately with white marble, forming clear green-
white or black-white beddings. The thickness reaches 400 m (Tzy*).
The zone is labeled as IV and was measured with survey line A in
field.

Because three different lithologies are distributed in the research
region, Unwedge program was adopted to analyze surrounding rock
stability of underground powerhouse in zones [ ~ V.

Stability analysis of surrounding rocks in zone I
As revealed by survey line C, four groups of dominant structural
planes are mainly developed in the zone, namely, J1 (25°, 73°), ]2 (77°,
306°), J3 (55° 255°), and J4 (56°, 234°). The stereographic projections of
these groups of structural planes and the modeling of the underground
powerhouse and chamber are shown in Fig. 3.
N

Tunnel
7210

S

(a) Stereographic projections of structural planes

B P

e e e oy e &
(b) Modeling of the underground chamber
Fig. 3 Stereoscopic projection of structural planes in Section I
and modeling of caverns

(1) Setting of basic parameters and parameters of structural planes
With regard to parameter setting, the parameters needing to be
input mainly include the axial slope, strike, seismic parameters, and safety
factors of tunnels. Parameters of structural planes mainly include
cohesion, shear strength, and friction angles. The setting process is mainly
displayed in Fig. 4. The calculation parameters for various rock masses and
structural planes are shown in Table 1.
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Fig. 4 Process of setting parameters for tunnels and structural surfaces

Table 1. Mechanical Parameters of Rock Mass

Joply

(c) Mechanical parameters

Surrounding rock  Lithology Wet Elastic modulus /(103MPa) Poisson's ratio _ Shear strength
classification density Horizontal Vertical é/° c/MPa
/(KN/m3)
I Striped mica marble (T2y%) 28.0 20~25 15~20 0.21 25~40 1.10~1.20
Medium thick layer marble 27.0 22~35 20~30 0.21
(T2y>()
Medium thick layer marble 27.1 15~22 15~20 0.22
(T2y>))
Muddy limestone (Tz®) 27.0 16~17 13~15 0.27
il Striped mica marble (Tzy%) 27.0~27.5 9~16 8~15 0.23~0.26 20~30 0.70~1.00
Medium thick layer marble 26.0~26.5 12~17 9~15 0.23~0.26
(T2y>™)
Medium thick layer marble 26.0~26.6 11~16 7~15 0.25~0.27
(T2y>@)
Muddy limestone (T2y¢) 26.0~26.5 9~15 6~12 0.28~0.30
Fault type Mud rock debris type / / / 10~20 0.03~0.04
structural plane structural plane
Rock debris mixed with mud / / / / 15~20 0.07~0.08
type
Rock fragment type structural  / / / / 20~30 0.15~0.20
plane
General No filling, closed / / / / 10 0
structural plane Filling type / / / / 10 0
Micro tension type / / / / 10 0

(2) Generation of key blocks

After inputting structural planes in the program, the program automatically generates all possible maximum key blocks. The key blocks are
outcropped at locations shown in Fig. 5. The geometrical characteristics and safety factors of key blocks are listed in Table 2.
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Table 2. Geometrical characteristics and safety factors of key
blocks in zone |

Structural  Key
planes blocks
forming

key

blocks

Locations
of key
blocks

Safety
factors

Block
volumes

(m?)

Block
weights
®

1,2,

3 1

Lower
right part
of
chamber
wall
Bottom
of
chamber
Upper
right part
of
chamber
wall
Upper
left part
of
chamber
wall

Top of
chamber

42.627

Stable

10.194

10.909

47.146

0.045

0.002

0.062

0.191

0.001

0.120

0.006

0.167

0.516

0.001

1,2,4 6

10

Upper
left part
of
chamber
wall
Bottom
of
chamber
Lower
right part
of
chamber
wall
Upper
right part
of
chamber
wall

Top of
chamber

9.953

Stable

39.031

9.944

30.964

0.170

0.133

0.035

0.050

0.001

0.459

0.359

0.095

0.134

0.004

1,34 11

12

13

14

15

Lower
right part
of
chamber
wall
Bottom
of
chamber
Upper
right part
of
chamber
wall
Upper
left part
of
chamber
wall

Top of
chamber

45.098

Stable

25.805

21.799

319.406

0.0001

0.002

0.032

0.062

0.00001

0.0001

0.005

0.086

0.167

0.0001

2,3,4 16

17

18

Bottom
of
chamber
Upper
right part
of
chamber
wall

Top of
chamber

Stable

968.048

8.812

7.106

0.0001

5.509

19.187

0.0001

14.873

1

(3) Stability analysis of key blocks

Key blocks 16 and 18 formed by structural planes 2, 3, and 4 are
characterized by large volumes and weights, which may pose a
certain threat in principle. Key block 16 is considered stable because

itis located at the bottom of chamber. The safety factor of key block
18 is 8.812, indicating that the key block is relatively stable, while it
is suggested to take certain protective measures during mining due
to its location at the top.

2) Aside from the key blocks mentioned above, others key blocks all
have large safety factors, while small volumes and weights, so they
are all relatively stable. Hence, surrounding rocks in the zone can be
regarded stable.
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Data obtained from survey line B reveal that there are mainly four
groups of dominated structural planes in the zone, namely, J1 (25°, 73°),
]2 (77°,306°), 3 (54°, 256°), and J4 (57°, 236°). Rock in the zone mainly
includes argillaceous dolomite, and the main parameters of structural
planes have been given above. After inputting parameters in the software,
the key blocks formed by various structural planes and their outcrop
locations are shown in Fig. 6.

Safety factors and ensemble characteristics of various key blocks are
listed in Table 3.

Table 3. Safety factors and geometrical characteristics of key
blocks formed in zone 7

Block Block
volumes  weights

(m?) ®

Locations of
key blocks

Structural
planes
forming
key
blocks
1,2,3 1

Key
blocks

Safety
factors

Lower right 29.567 0.054 0.143
part of
chamber
wall

2 Bottom of
chamber

3 Upper right
part of
chamber
wall

4 Upper left
part of
chamber
wall

5 Top of

chamber

Upper left

part of

chamber
wall

7 Bottom of
chamber

8 Lower right
part of
chamber
wall

9 Upper right
part of
chamber
wall

10 Top of

chamber

Stable 0.005 0.012

4.633 0.057 0.155

10.190 0.216 0.584

0.000 0.0001 0.001

1,2,4 6 3.629 0.149 0.402

Stable 0.111 0.299

34.750 0.029 0.077

4.109 0.054 0.145

0.000 0.001 0.003

1,3,4 11 Lower right 342.258 0.005 0.014
part of
chamber
wall

12 Bottom of
chamber

13 Upper right
part of
chamber
wall

14 Upper left
part of
chamber
wall

15 Top of

chamber

Stable 0.003 0.009

21.214 0.107 0.288

11.896 0.029 0.077

0.000 0.0001 0.0001

2,3,4 16 Bottom of Stable 3.438 9.281
chamber

17 Lower right
part of
chamber
wall

18 Top of
chamber

19 Lower left
part of
chamber

wall

89.386 0.003 0.007

5.505 2.009 5.424

48.032 0.002 0.006

According to Fig. 6 and Table 3, the stability of key blocks is analyzed

as follows:
(1) Keyblocks 16 and 18 formed by structural planes 2, 3, and 4 have large
volumes and weights, and therefore pose a certain threat in principle.
Considering that key block 16 is located at the bottom, it is regarded

stable. The safety factor of key block 18 is 5.505, which means that it
is relatively stable, while some protective measures are suggested to
be taken during mining due to its location at the top.

(2) The safety factors of key blocks 5, 10, and 15 are all zero and these key
blocks are all located at the top, which theoretically indicates that
these key blocks have certain influences on surrounding rock stability
of the chamber. However, because of the small volume and weight,
these key blocks are considered to have small failure affected zones
and regarded stable.

(3) Except for the above key blocks, other key blocks are characterized by
large safety factors, while small volumes and weights, so they are all
relatively stable. Considering this, the surrounding rocks in the zone
are deemed to have high stability.

Stability analysis of surrounding rocks in zones Ill and IV

The zone can be divided into two sections according to lithology due
to changes in the strike of the chamber axis, namely, lithology along survey
line D and that along survey line A. Rocks in the zone mainly include
limestone. Because of the basically similar simulation input of the software
and the length limitation, figures of simulated outcrop locations of key
blocks with lithology in the zone are not given. The outcrop locations,
safety factors, and geometrical characteristics of key blocks formed by
structural planes along survey lines D and A are only provided below.

Key blocks formed by structural planes along survey line D in zone III
and their parameters are listed in Table 4.
Table 4. Key blocks formed by structural planes along survey
line D in zone [ITand their parameters

Block Block
volume  weight

(m?) ®

Safety
factors

Locations of
key blocks

Structural
planes
forming
key
blocks
1,23 1

Key
blocks

Lower right 89.910 0.001 0. 002
part of
chamber

2 Bottom of
chamber

3 Upper right
part of
chamber

4 Upper left
part of
chamber

5 Top of

chamber

Lower left

part of

chamber

7 Upper left
part of
chamber

8 Upper right
part of
chamber

9 Top of 0

chamber

Lower right

part of

chamber

11 Upper left
part of
chamber

12 Top of
chamber-1

13 Top of

chamber-2

Bottom of

chamber

15 Lower right
part of
chamber

16 Upper left
part of
chamber

17 Top of
chamber

18 Lower left

part of

chamber

Stable 0.343 0.925

2.175 0.195 0.526

17.614  0.016 0.043

0.000 0.0001  0.001

1,2,4 6 Stable 0.056 0.151

4.212 0.002 0.007

1.473 0.604 1.631

0.001 0.004

1,34 10 Stable 0.430 1.162

4.390 1.623 4.381

0.000 0.0001  0.0001

11483  0.001 0.002

2,3,4 14 Stable 1.754 4.735

43.190 0.001 0.002

32.032 0.0001  0.0001

2.454 0.775 2.093

69.620  0.001 0.003
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Based on Table 4, stability of key blocks is analyzed as follows:

(1) Because key blocks 14 and 17 formed by structural planes 2, 3,
and 4, as well as key block 8 formed by structural planes 1, 2, and
4 have large volumes and weights, they pose certain threats in
principle. Because key block 14 is located at the bottom of the
chamber, it is regarded to have relatively high stability. The safety
factor of key block 17 is 2.454, so it is relatively stable, while some
protective measures should also be taken during mining due to its
location at the top. Key block 8 is situated on the right-side wall
and has a safety factor lower than 1.5, so it should be paid
attention to during excavation.

(2) Keyblocks 5,9, and 12 all have safety factors of zero and they are
located at the top. Theoretically, these key blocks exert certain
influences on surrounding rock stability of the chamber, while
they are considered to have small failure affected zones and
regarded stable because of their small volumes and weights.

(3) Except for the above key blocks, other key blocks all have large
safety factors while small volumes and weights, which are
therefore considered stable. Surrounding rocks in the zone are
considered to have high stability.

Key blocks formed by structural planes along survey line A in
zone [V and their parameters are displayed in Table 5.
Table 5. Key blocks formed by structural planes along survey line
A'in zone [V and their parameters

Structural  Key Locations of Safety Block Block
planes blocks  key blocks factors volume  weight
forming (m3) (1)

key

blocks

1,23 1

Lower right 211.578 0.0001 0.001
part of
chamber wall

2 Bottom of
chamber

3 Upper right
part of
chamber wall

4 Upper left part
of chamber
wall

5 Top of

chamber

Lower left part

of chamber

wall

7 Upper left part
of chamber
wall

8 Upper right
part of
chamber

9 Top of
chamber

10 Bottom of

chamber

Lower left part

of chamber

wall

12 Upper left part
of chamber
wall

13 Upper right
part of
chamber wall

14 Bottom of

chamber

Bottom of

chamber

16 Lower right
part of
chamber wall

17 Top of
chamber

18 Lower left part

of chamber

wall

Stable 0.210 0.566

2.288 0.230 0.622

20.393 0.019 0.051

0.000 0.001 0.002

1,2,4 6 58.544 0.007 0.020

14.047 0.010 0.028

2.260 0.243 0.656

Stable 0.152 0.411

0.000 0.004 0.012

1,34 11 46.415 0.046 0.123

5.262 0.018 0.047

2.985 0.392 1.059

Stable 0.058 0.157

2,3,4 15 Stable 8.102 21.876

84.429 0.0001  0.001

1.376 5.531 14.935

174358 0.0001  0.001

Based on Table 5, stability of key blocks is analyzed as follows:
(1) Key block 17 formed by structural planes 2, 3, and 4 is
characterized by the large volume and weight, and poses a certain
threat due to its location at the top of the chamber and a safety

factor lower than 1.5. Therefore, some protective measures
should be taken during excavation.

(2) The safety factors of key blocks 5 and 10 are both zero. Key block
5 is located at the top of the chamber, so it theoretically exerts
certain influence on the surrounding rock stability of the chamber.
Whereas, because the key block has small volume and weight, it is
regarded to have a small failure affected zone and considered
stable. In comparison, key block 10 is situated at the bottom and
has small volume and weight, so it is regarded stable.

(3) Aside from the above key blocks, other key blocks all have large
safety factors while small volumes and weights, so they are all
relatively stable. Surrounding rocks in the zone are considered to
have high stability.

5. Conclusions

This paper optimizes block theory based on an improved vector
method and utilizes the Unwedge computer program to conduct visual
simulations of its applications. This enhances the convenience of applying
block theory. To verify the accuracy of the research findings, the Jinping II
Hydropower Station's underground cavern is selected as an engineering
case for analysis and validation, confirming the feasibility of the research
methods proposed in this paper and providing practical and reproducible
guidance for actual construction. The conclusions are as follows:

(1) The improved vector method can quickly identify the stability of
surrounding rock in different study areas, providing an effective
reference for the actual excavation of underground caverns. Based
on the theoretical coefficients of surrounding rock stability in
underground caverns, the stability patterns of the surrounding rock
can be intuitively obtained through visual simulations using the
Unwedge computer program and can be mutually verified.

(2) In the I[-IV sections, special attention should be paid during
excavation when the stability coefficient of key blocks is less than
1.5. Some key blocks have a safety coefficient of zero and are located
at the top of the cavern. In theory, these key blocks have a certain
impact on the stability of the surrounding rock of the cavern.
However, due to the small volume and weight of these key blocks,
they can be considered stable.

(3) By comparing the results of the improved block theory and
computer program calculations with the actual construction and
excavation process of the underground cavern, it is found that they
are essentially consistent. This indicates that the innovative method
proposed in this paper can provide theoretical support and a
feasible basis for the excavation of deeply buried underground
caverns.

(4) The results obtained from the improved block theory and the
Unwedge computer program provide valuable insights that
significantly aid the subsequent stages of structural design for
deeply buried underground caverns. By accurately assessing the
stability of surrounding rock and identifying critical blocks,
engineers can make informed decisions regarding the design of
support systems, such as the placement and orientation of rock
bolts, shotcrete thickness, and the overall layout of reinforcement.
The safety factors and stability patterns derived from these analyses
offer a quantitative basis for selecting appropriate support
measures, ensuring that the structural design is both safe and cost-
effective. Furthermore, the identification of potential failure zones
allows for preemptive measures to be implemented during the
construction phase, thereby reducing the risk of unforeseen
collapses or deformations. In essence, these analyses bridge the gap
between geological assessment and practical structural design,
contributing to the robustness and reliability of underground
engineering projects.
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