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Abstract: Complicated geological structures make it difficult to analyze the stability of rock slopes, such as faults,
weak intercalated layers or joint fissures. Based on 3D geological modeling and surface block identifying methods,
an integrated methodology framework was proposed and realized to analyze the stability of surface blocks in rock
slopes. The surface blocks cut by geological structures, fissures or free faces could be identified subjected to the
four principles of closure, completeness, uniqueness and validity. The factor of safety (FOS) of single key block was

calculated by the limit equilibrium method. If there were two or more connected blocks, they were defined as a
block-group. The FOS of a block-group was computed by the Sarma method. The proposed approach was applied
to an actual rock slope of a hydropower project, and some possible instable blocks were demonstrated and analyzed
visually. The obtained results on the key blocks or block-groups provide essential information for determining po-
tential instable region of rock slopes and designing effective support scheme in advance.
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Numerous practices have revealed that the failures
of rock slopes are caused by cutting rock blocks from
structural surfaces and free faces!?. Some rock surfaces
from major geological structures can be determined, such
as faults and weak intercalated layers, while more minor
structural surfaces from joint fissures are stochastic. Be-
sides, the structural surfaces and free faces may be
planes, surfaces or multiple surfaces. These make it more
difficult to analyze the stability of rock slopes. Norris
et al® recorded the first direct scientific observation of
rock blocks in motion using GPS-instrumented rocks and
photography. Since the rock block theory was put for-
ward by Warburton'! and Goodman and Shi'™, it offers a
powerful method for the stability analysis of rock slopes
and underground tunnels in fractured rocks!®*),

Based on the traditional 2D block theory, the model-
ing, identifying and stability analysis of rock blocks have
been developed to 3D in recent years. Turanboy'” pro-
posed new geometrical classifications of rock blocks ac-
cording to the spatial orientations of the discontinuities
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and their locations relative to each other. Kulatilake
et al'”

site based on kinematic and block theory analyses.

evaluated the stability of a rock slope in the dam

Brideau er al''"! used block theory to evaluate the finite-
ness and removability of blocks in the rock mass. Li
et al'"™ proposed an identification approach of 3D surface
blocks for rock mass structures. Jafari e al''*! described a
new method to reconstruct polyhedral rock blocks created
by the intersection of planar discontinuities in a rock
mass. Zhang and Lei'"! presented an object-oriented
computer model for 3D multi-block system. Wang and
Nit"*! developed a computer program GeoSMA-3D to
perform stability analysis of rock slope based on the
topological identification techniques of spatial block with
stochastic discontinuities cutting. Zhang!'® proposed a
method for block progressive failure analysis and applied
it to two engineering case studies. Therefore, the 3D sta-
bility analysis for 3D rock blocks can be better in accor-
dance with actual rock engineering.

Generally, conventional stability analysis methods
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of blocks in rock slopes assumed that the structural sur-
faces and slope surfaces are planes and the interaction of
the adjacent blocks was rarely considered, which may
lead to a few limitations. In this study, an integrated
method was used to build more actual models of rock
blocks and the interaction of the adjacent blocks was
computed by the Sarma method. The modeling, computa-
tion and evaluation of the stability of rock slopes cover
the following issues: (1) building the overall methodology
framework including geological modeling, block identifi-
cation and stability computation; (2) calculating the sta-
bility coefficients of both single surface block and block-

groups; and (3) assessing the stability of surface blocks in
an actual rock slope.

1 Methodology framework

Fig. 1 shows the overall framework for the stability
assessment of rock slopes based on 3D geological model-
ing and surface block identifying methods. The frame-
work consists of three parts: 3D multi-scale integrated
modeling of complex rock mass structures, the identifica-
tion of 3D surface blocks and the computation of stability
coefficient of key blocks and the whole slope.
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1.1 3D geological modeling of rock mass structure

Firstly, the original geological data were obtained by
geological mapping, remote sensing, and geological ex-
ploration. They were transformed into NURBS data by
spatial interpretation and multi-source data coupling
methods. Then, based on these data the solid model of
major rock mass structures could be reconstructed. On
the other hand, the statistical data were obtained by geo-
logical survey of the traces of structural planes. The
probability model was built by analyzing the distribution
law of the statistical data. Then the stochastic model of
3D structural planes network was built. Finally, the re-
fined 3D integrated model of rock mass structures was
established by coupling the solid model and the stochas-
tic model. These two parts can be realized by our previ-
ous work!"> '],
1.2 Identification of 3D surface block

A 3D engineering-scale and statistical-scale inte-
grated modeling approach was used to reconstruct the
multi-scale model considering complex geological struc-

. e 17
tures and discontinuities' ],

and the surface blocks
method was focused on defining, searching and identify-
ing the 3D surface blocks of rock mass structures sub-
jected to the four principles of closure, completeness,
uniqueness and validity!'?..

A surface block is defined by the following mathe-
matical model!"?":

Bn :(USI)U(UCJ)
i=1 j=l
S, =s(P)i=12,n,
Cj =C(0jal/jaRj)9j=1’2""7n2

n=n, +n,

)

where B, is the surface block with n boundary surfaces; S;
is the geological surface with the data set P;, e.g., joint,
bedding plane or fault surface; C; is the simulated joint
plane with the central point O;, the normal vector V; and
the radius R;.

There are three general assumptions for surface
blocks: (1) Structural surfaces consist of major geological
surfaces or minor joint planes. The joint planes are built
using Baecher disk model and the geometric parameters
conform to special probability distributions. (2) The geo-
logical surfaces and the joint planes cut the rock masses
to form the surface blocks. (3) The surface blocks are uni-
form rigid bodies.

Based on the reconstructed refined rock mass model,
the surface blocks can be identified, and then they are

divided into free blocks and constrained blocks according
to their space constraints. A free surface block has free
space and may be the key block if its factor of safety
(FOS) is lower than the minimum designed FOS. A
constrained surface block is surrounded by the rock mass
and may convert into a free block after external blocks
fall. Therefore, the next section will present the computa-
tion method of FOS for a single block and block-group in
detail.

2 Stability coefficients of surface blocks

2.1 Stability of single block

The main forces of a block include the active force
R, the reaction force N vertical on the sliding surface, the
friction force f'and the cohesion force ¢ along the sliding
surface direction. The active force R consists of the grav-
ity, the external water pressure, the anchoring force, and
some forces transmitted by other rock masses. In this
paper, only the gravity is considered as the active force.
Restricting to these forces and sliding surfaces, there are
three motion modes for a potential key block as fol-
lows! ™.

(1) Falling mode. As shown in Fig. 2 (a), the block
will detach from the rock mass and move if the following
equation is satisfied:

SV,>0, i=n-1 2)

where S is the motion direction vector of the block with

n boundary surfaces; V,

7, 1s the normal vector pointing to

the interior of the ith boundary surface.

If a block would fall, its factor of safety is 0 (FOS = 0)..

(2) Sliding mode along a single surface. As shown

in Fig. 2 (b), the block will slide along a single surface if

the following equation is satisfied:
{iz V, <0

A (3)
SV,>0, i=n-2

where R is the direction vector of the active force R; V
and V,, are the normal vectors of the sliding surface and
the ith boundary surface, respectively.

If a block is limited to a single sliding surface, its
factor of safety can be calculated as

Ntang+cA

FOS = 4)

where N and T are the normal force and the tangential
force of the active force R on the sliding surface; ¢ and ¢
are the internal friction angle and cohesion of the sliding
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surface; A4 is the contact area between the block and the
sliding surface.

(3) Sliding mode along two surfaces. As shown in
Fig. 2(c), when the block slides along two sliding sur-
faces, i.e., their intersecting line, the following conditions
are

(5)

where §, and S, are the motion direction vectors of the
block along the two sliding surfaces; S is the motion
direction vector along the intersecting line; V,, V;, and
V,, are the normal vectors of the two sliding surfaces and
the ith boundary surface, respectively.

If a block is limited to two sliding surfaces, its factor
of safety can be calculated as
_ N tang, + N, tanp, +c 4, +c, 4,

T

FOS (6)

Rock mass

(a) Falling

(b) Sliding along a single surface

(c) Sliding along two surfaces

Fig.2 Motion modes of single surface block

2.2 Stability of block-group

When the structural surfaces are relatively dense,
several connected blocks can form a block-group. The
block-group usually controls the stability of rock slope on

d"21 s used to calcu-

a large scale. Here Sarma metho
late the FOS of a block-group. Sarma method considers
the interaction of the adjacent blocks, and the contact
surfaces need not be vertical, which is consistent with the
actual situation of multiple structural surfaces. Here, only
the gravity is considered as the active force. The gravity
is projected into two component forces, one along the
sliding direction and the other perpendicular to the slid-
ing surface. Besides, we assume that all the blocks in a
block-group slide along the same motion direction. It
means that the resultant force on the sliding surface and
perpendicular to the motion direction equals zero. In this
case, the 3D calculation of the block-group can be simpli-
fied to a 2D calculation. For instance, Fig. 3 gives the
forces of a block-group.

First, a recursion formula is obtained based on the
static equilibrium equations and Mohr-Coulomb failure
criterion, it is expressed as

E, =4 -pK.+Eg (7

Then by uniting the recursion formula and the
boundary conditions, the FOS of the block-group can be
calculated by using the following iterative equations:

—320—

Fig.3 Schematic diagram with forces of a block-group

a,+a, e +a, ,ee  +--+aee,  ---ee,

K. = - — (8)
Pyt P8t P88, ttpee, e
a, =W, Sin(wi - ai) + R cosg,tS,,, Sin(% —-a;, - 5;41) -
S;sin(g, —a; - 6,)]/ g,
e, =cos(p, —a, +p —9J,)sece,/ g
p;=W,cos(p, —a,)/ g, 9)

R =cb,seca,
N
S, =cd,

’ U
8= COS((oi —tQ,,— 51-+1)SGC Din

where K¢ is the horizontal critical acceleration coeffi-
cient; W; is the weight of block i; E; and E;. are the nor-
mal forces on the left and right surfaces of block 7, and
E,.1=E;=0; X; and X;. are the shear forces on the left
and right surfaces of block i, and X,.; = X; = 0; N, is the
normal force on the bottom surface of block i; T; is the
shear force on the bottom surface of block i; «; is the an-
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gle between the bottom surface of block i and the hori-
zontal plane; ¢;, @; and ¢';.; are the average friction an-
gles on the bottom surface and the sides of block i; &; and
O+ are the angles between the vertical surface and the
left and right sides of block i; b; is the horizontal distance
of the bottom surface of block i; d; is the length of the
side of block i; ¢; and ¢’; are the average cohesions on the
bottom surface and the left side of block i.

By solving Eq.(8), the FOS is found by reducing
the shear strength values tang and ¢ to tang /FOS and
¢/FOS until K¢ is reduced to zero.

3 Case study

3.1 Geological conditions

An actual slope is located on the right bank of a hy-
dropower facility being constructed in the Yalong River,
China, which trends in the N35°—40°E direction, as
shown in Fig. 4. It is an intake slope located in the up-
stream of the dam. The rock mass of the slope mainly
consists of marbles, and the rock mass quality classifica-
tion includes III, and IV;. The slope angle is about from
40° to 50° below the elevation of 1 850 m, and above the
elevation the angle is over 65° like a cliff. The height of
the cliff is about 60—100 m. The overall occurrence of
the rock strata is N30°—35°E/NW £30°—35°. There are
two large faults of Fs and Fy in the slope. Fs runs through
the whole slope, and its occurrence is NS50°—
60°E/SE £75°—90° with about 10—20 cm wide fracture
zone. The occurrence of Fg is N40°—50°E/SE~/70°—
75°, with about 5—20 c¢cm wide fracture zone. While a
large interlayer compressive belt of Gj is exposed in the
elevation of 1 780 m, and it is the main structural surface
that controls the slope stability. The joint fissures are di-
vided into five groups by occurrence: N30°—
60°E/NW £30°—50°, N40°—60°E/SE £60°—80°, N10°
—30°E/NW £40°—60°, N40°—70°W/NE £70°—85°, and
N10°—30°W/NE £60°—75°.

(b) Local crack
Fig. 4 Photographs of slope

(a) Overall aspect

3.2 Identification of key blocks

The proposed method was programmed based on the
VisualGeo platform[22] by Visual C + +, OpenGL, and
OpenNURBS graphics library. The geological model of
the slope was reconstructed as shown in Fig. 5, integrated
with several rock strata, two faults, an interlayer com-
pressive belt, 1 137 fissures, and the strong and weak
relief limit surfaces. Based on the integrated model, the
slope was cut into many surface blocks and block-groups
by the structural surfaces through Boolean operation. As
shown in Fig. 6, 6 surface blocks and 3 block-groups
over 200 m® were identified in the studied region.

Fissure

surfaces ! i
{ | Strong relief

limit surface

Weak relief
limit surface

Legend
BB teana
B T-32)-2(Q1)
B T2-32)-2(2)
T(2-32)-2(3)
B T2-3n-204)
T(2-32)-2(5)
B T2-3n-206)
T(2-32)-2(7)

Figsures

(b) Geological model

Fig. 5 3D models of slope

N Bl

A

BG2

Fig. 6 Identified 6 blocks and 3 block-groups
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3.3 Stability computation and analysis of blocks

The required physical and mechanical parameters of
rock structures are listed in Tab. 1. The calculation results
are shown in Tab. 2 and Tab. 3. The lithology of a block
can be obtained from the reconstructed 3D geological
model. The center of gravity is the coordinates of the
block volume centroid, and the volume is calculated by
the Gauss-Legendre quadrature formula based on
NURBS structure. The sliding surfaces are determined by
the occurrences of the cutting structural surfaces. Tab. 2
lists the attributes of 6 surface blocks, such as lithology,
center of gravity, volume, sliding surface and factor of
safety. Tab. 3 lists the results of 3 block-groups, includ-
ing the center of gravity, block number, total volume and
factor of safety.

the
minimum FOS of the slope is 1.2. From Tab. 1, the

Considering the engineering requirement,
results indicate that the FOS values of 6 surface blocks
are greater than 1.2 and they can meet the demand. From
Tab. 2, the factors of safety for BG1 and BG3 block-
groups are between 1.0 and 1.2, indicating that they may
be unsafe. The block-group BG1 includes four blocks and
its FOS is 1.019. The block-group BG3 consists of two
blocks, the
compressive belts, fissures and the free face. The total
volume of BG3 is over 100 000 m® and its FOS is 1.073.

These blocks are close to the upstream dam and a tunnel

which were cut by faults, interlayer

would pass through the slope, so they should be
reinforced to avoid failure by necessary measures.

Tab.1 Physical and mechanical parameters of rock structural surfaces

Structural surface Cohesion ¢ /MPa Internal friction angle ¢/ (°) Density 7/ (kKN-m™)
Rock masses 0.35 38.7 27.0
Faults 0.02 22.0 27.0
Discontinuities 0.07 31.8 27.0
Interlayer belts 0.15 26.8 27.0
Tab. 2 Calculation results of surface blocks
No. Center of gravity (x, y, z) Volume/m® Sliding surface FOS
Bl (916.72,911.19, 2 046.18) 21345 Single surface 3.475
B2 (814.79, 894.15, 1 849.31) 529.09 Single surface 1.812
B3 (794.42,9 848.70, 1 769.20) 297.00 Two surfaces 4.527
B4 (704.43, 794.95, 1 821.65) 2061.16 Single surface 1.792
B5 (690.33, 909.70, 1 635.88) 3 680.83 Two surfaces 2.654
B6 (600.38, 627.90, 1 680.98) 174 073.07 Single surface 1.411
Tab.3 Calculation results of block-groups
No. Block number Center of gravity (x, y, z) Total volume/ m’ FOS
BG1 4 (802.66, 918.03, 1 935.77) 35569.34 1.019
BG2 4 (688.67, 596.47, 1 793.79) 69 780.28 1.445
BG3 2 (652.83,966.19, 1 725.95) 106 046.73 1.073

The results were verified by the practice. The sliding
failure occurred in the rock mass about 15 000 m’ after
near blasting operation during the project construction, as
shown in Fig. 7. It was mainly caused by Fs, G; and ex-

wﬁ{ '

=y

L T

Fig.7 Instable rock mass in the studied region
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ternal explosion action. The block-group BG3 is the ma-
jor part of the failure rock mass.

4 Conclusions

This research identified and analyzed the stability of
surface blocks of a rock slope under complex geological
conditions. Based on the 3D multi-scale geological mod-
eling method and surface block theory of rock mass
structures, the integrated model was reconstructed includ-
ing rock strata, faults, interlayer compressive belts, and
fissures, and some key surface blocks were identified and
obtained. The factor of safety for single key block was
calculated by different equations under various motion
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modes. Two or more connected blocks were grouped to-

gether and they were defined as a block-group. The

Sarma method was used for calculating the FOS of a

block-group. The proposed approach was applied to an

actual rock slope of a hydropower project. The potential

instable blocks were presented visually. The results can

provide useful information for determining possible in-

stable region of rock slopes and designing effective sup-

port scheme in advance.

References

(1]

[2]

[10]

Goodman R E. Block theory and its application[J]. Geo-
technique, 1995, 45 (3) : 383-423.

Mito Y, Kikuchi K, Hirano I et al. Stochastic block theory
for initial support decision of large slope[J]. International
Journal of Rock Mechanics and Mining Sciences, 1997,
34(3/4):202. el-el9.

Norris R D, Norris J M, Lorenz R D et al. Sliding rocks on
Racetrack Playa, Death Valley National Park: First obser-
vation of rocks in motion[J]. PLoS One, 2014, 9(8):
€105948.

Warburton P M. Vector stability analysis of an arbitrary
polyhedral rock block with any number of free faces[J].
International Journal of Rock Mechanics and Mining Sci-
ence, 1981, 18(5) : 415-427.

Goodman R E, Shi G H. Block Theory and Its Application
to Rock Engineering[M]. Prentice-Hall, New Jersey, USA,
1985.

Lee I M, Park J K. Stability analysis of tunnel key block: A
case study [J]. Tunnelling and Underground Space Tech-
nology, 2000, 15(4) : 453-462.

LiuJ, Li Z K, Zhang Z Y. Stability analysis of block in the
surrounding rock mass of a large underground excava-
tion[J]. Tunnelling and Underground Space Technology,
2004, 19(1): 35-44.

Chen S H, Wang W M, Zheng H F et al. Block element
method for the seismic stability of rock slope[J]. Journal
of Geotechnical and Geoenvironmental Engineering, 2010,
136(12): 1610-1617.

Turanboy A. A geometric approach for natural rock blocks
in engineering structures[J]. Computational Geosciences,
2010, 14 (4): 26-38.

Kulatilake PH S W, Wang L Q, Tang H M et al. Evaluation
of rock slope stability for Yujian River Dam Site by kine-
matic and block theory analyses[J]. Computers and Geo-
technics, 2011, 38 (6) : 846-860.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Brideau M A, Pedrazzini A, Stead D et al. Three-
dimensional slope stability analysis of South Peak, Crows-
nest Pass, Alberta, CanadalJ]. Landslides, 2011, 8(2):
139-158.
LiMC, Liu J, Liu F et al. Method for identifying and ana-
lyzing 3D surface blocks of rock mass structures[J]. Jour-
nal of Geotechnical and Geoenvironmental Engineering,
2013, 139(10) : 1756-1764.
Jafari A, Khishvand M, Rahami H. Developing an algo-
rithm for reconstruction blocky systems in discontinuous
media: Three-dimensional analysis[J]. International Jour-
nal for Numerical and Analytical Methods in Geomechan-
ics, 2013, 37(7): 661-684.
Zhang Z X, Lei Q H. Object-oriented modeling for three-
dimensional multi-block systems[J]. Computers and Geo-
technics, 2013, 48: 208-227.
Wang S H, Ni P P. Application of block theory modeling
on spatial block topological identification to rock slope
stability analysis[J]. International Journal of Computa-
tional Methods, 2014, 11 (1) : 1350044.
Zhang Q H. Advances in three-dimensional block cutting
analysis and its applications[J]. Computers and Geotech-
nics, 2015, 63: 26-32.
LiM C, Han Y Q, Wang G et al. 3D multiscale integrated
modeling approach of complex rock mass structures[J].
Mathematical Problems in Engineering, 2014, DOI 10.
1155/2014/867542.
Giani G P. Rock Slope Stability Analysis[M]. Balkema
Publishers, Netherlands, 1992.
Sarma S K. Stability analysis of embankments and
slopes[J]. Journal of the Geotechnical Engineering Divi-
sion, 1979, 105(12) : 1511-1524.
Bafghi A R Y, Verdel T. Sarma-based key-group method
for rock slope reliability analyses[J]. International Jour-
nal for Numerical and Analytical Methods in Geomechan-
ics, 2005, 29(10) : 1019-1043.
Sun J P, Ning Y J, Zhao Z Y. Comparative study of Sarma's
method and the discontinuous deformation analysis for
rock slope stability analysis[J]. Geomechanics and
Geoengineering, 2011, 6 (4) : 293-302.
Zhong D H, Li M C, Song L G et al. Enhanced NURBS
modeling and visualization for large 3D geoengineering
applications: An example from the Jinping first-level hy-
dropower engineering project, ChinalJ]. Computers &
Geosciences, 2006, 32 (9) : 1270-1282.

(Editor: Liu Wenge)

—323—



