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Abstract: The investigation on failure patterns and paths of cracked rock slopes under excavation unloading is one of the hot issues in
the slope engineering field. Accurate identification of the potential failure path is of great significance for excavation safety and support
design of the slope. A theoretical method for crack propagation discrimination was embedded into the numerical simulation based on
the fracture propagation analysis method, and the quick simulation of initiation, propagation, and coalescence of discontinuous cracks
in rock masses was realized through stress intensity factor calculation at crack tip, crack propagation pattern recognition, crack initiation
angle derivation, and crack propagation and coalescence. The proposed simulation method was used to analyze the crack propagation
mechanism and the failure path of a highway cutting slope under multi-stage excavation unloading. The results show that during the
multi-stage excavation from top to bottom of the slope, the crack initiation first occurs at the bench edge, and then a dominant propagating
crack is formed through tensional propagation. With the downward excavation of the slope, the dominant crack gradually propagates
downward the slope in tensile-shear mixed pattern and coalesces with existing cracks, forming a step-path failure in the middle and upper
parts of the slope. When the crack propagates to the lower part of the slope, the crack propagation pattern transforms from tensile-shear
mixed pattern to shear pattern, and finally the potential sliding body slides out along an arched shear surface at the slope toe. This study
reveals a composite failure pattern of the cracked rock slope under multi-stage excavation unloading, which includes the tensile-shear
mixed propagation pattern with a step-shaped path in the upper part and the shear propagation pattern with an arched path in the lower
part, and can provide new ideas for the support design and construction stability control of rock slopes.

Keywords: crack propagation; excavation unloading; propagation pattern; failure path; cracked rock slope

1 Introduction continuous-discrete coupling method”. By introducing

a smooth plane and improving the contact model in the

) C@cksl widely §x1st ]Il.I'OCk slopesf a.IIld pla}{ an essential discrete element method, Scholtés et al.'% ') and Jiang
role 1nt.s ope lded(?nna;flcinsd a;ld a;.ures gl(iu.cled b}; et al.["?l were able to simulate the slide and propagation
excavation unioa 1.ng. © deformation and fal ure.o of cracks as well as the crack processes of rock bridge
cracked rock slope is closely related to crack propagation ) -
and evolution!!), and the corresponding processes are in cracked rock slope. They then analyzed the characteristics
characterized by crack tension and slide, crack initiation Oi cmikbuﬁlauon and;)rolzlagatl(’)r‘l ai Well.as thzweaklen(lini
and propagation in rock bridges, and formation of inter- of rock bridge strength under critical gravity and conclude

2-3] that the step-shaped failure of cracked rock slope results
from crack propagation and coalescence in rock bridge

connected failure surfaces!

In the early stages of examining the stability of cracked
rock slopes, the limit equilibrium method and the strength
reduction method were frequently employed, but these

in the form of wing crack. Using the particle discrete
element method, Huang et al.’) and Zhu et al.l'*! simulated

approaches fall short in capturing the intricate propagation
and evolution processes of discontinuous cracks in rock
bridges and the asynchronous strength weakening effects
of rock masses®> 3. The stability of rock slope caused
by crack evolution was then gradually examined using
numerical methods such as the boundary element method™,
the numerical manifold method!”), the discrete element
method™, the extended finite element method®), and the
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three failure patterns of rock bridge with different discon-
tinuous crack distribution patterns, including shear failure,
tensile failure, and tensile-shear mixed failure. They took
into account that the coalescence of discontinuous cracks
occurs gradually from the bottom to the top of the slope
under gravity and came to the conclusion that the step-
shaped failure evolution of the slope can be divided into
four stages: elastic deformation, rock bridge failure at the
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slope bottom, upward progressive failure of rock bridge,
and whole slide of slope. There are still several limitations
to the study presented above, despite its importance in
illuminating the failure process of cracked rock slopes.
When utilizing the discrete element approach to analyze
the failure of a cracked rock slope, it might be challenging
to select parameters whose physical implications are not
sufficiently clear!!'"'?]. The boundary element approach,
the numerical manifold method, and the extended finite
element method are challenging to model complicated
fracture networks?® 7). In order to better understand the
processes of crack tension and slide as well as crack
initiation and propagation in rock bridge, the analysis and
simulation methods for crack propagation were applied
to analysis on cracked rock slopel!* 131,

Tharp and Coffin!'®), Singh and Sun!'7), and Scavia!'®!
attempted to apply fracture mechanics, which is based
on solid fracture mechanics, to analyze the stability of
cracked rock slopes. They believed that the fracture
mechanics method was suitable for analyzing the slope
stability impacted by crack propagation and evolution by
comparing analytical results with field observation results.
Subsequently, the theoretical and numerical methods for
crack propagation analysis in rock masses have therefore
been quickly developed. Kemeny!'” used the theoretical
method to examine the crack tip's weakening characteristics
and concluded that the major cause of the early sluggish
growth of cracks in rock bridges and the subsequent fast
development of cracks in rock bridges is the weakening
of crack strength. Chen and Wang!™ used the displacement
extrapolation method to analyze the stress intensity factors
at the tip of tensile cracks at the back of slopes with different
slope shapes, and put forward a fracture mechanics model
for the propagation and evolution of tensile cracks. Chen
et al.’” and Zhou!?! deduced a dominantly controlling
structural plane model of slope with complex stress intensity
factor as the index, and thought that the failure patterns
such as slope collapse, fall, and toppling caused by fracture
and propagation of the dominantly controlling structural
plane could be uniformly classified as compressive-shear
fracture or tensile-shear fracture. Gao et al.”! proposed
an energy criterion of crack initiation, and demonstrated
the applicability of criterion in slope crack propagation
analysis by comparison with an engineering case. Chang
et al.’! derived the analytical expression of crack length,
dip angle, and ultimate bearing capacity of slope based
on the propagation and evolution characteristics of crack
under loading and unloading. Zhou and Chen®*! deduced
the interaction coefficient of parallel offset double cracks
based on the superposition principle, and improved the
fracture criterion in the extended finite element method

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/7
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to simulate the evolution process of crack propagation
under the step-shaped failure pattern of inclined rock slope.
Haeri et al.>! simulated the process of crack propagation
and coalescence in slope by using the high-order displac-
ment discontinuity method based on fracture propagation
criterion, and suggested that the crack inclination angle
and slope angle had an important influence on the type
of rock bridge failure and the failure path of slope. Aliha
et al.l’! analyzed the I/II mixed propagation process of
cracks in typical cracked rock slopes by using the maximum
shear stress criterion, and thought that the stress at the
crack tip had a significant influence on the crack propa-
gation path and the final failure pattern of the slope.
Zhang et al.”*”! constructed a new joint element combining
solid and interface, and simulated the failure evolution
process of rock slope including stress concentration at
crack tip, crack initiation and propagation of rock bridge,
slip weakening of crack surface, and coalescence of fracture
surface in rock bridge based on fracture propagation criterion.
The crack propagation and coalescence mechanism under
the typical rock slope crack distribution is further revealed
by the aforementioned analytical and numerical calcu-
lations based on fracture mechanics. The interaction
between the crack network and the rock bridge, the
assessment of the pattern of crack propagation, the
judgment of crack propagation pattern, the treatment of
crack intersection, and the analysis of slope fracture path
all require additional research due to the complexity and
dynamic nature of crack propagation in slopes.

Based on the theoretical method of fracture propagation
analysis, the deformation and failure evolution process of
a rock slope with a complex crack network was simulated
using an equivalent simulation method and numerical
implementation technology of crack propagation in rock
mass. Firstly, weak surfaces such as cracks were simulated
equivalently by dispersing to adjacent solid elements.
Secondly, the stress intensity factor at the crack tip was
estimated using the stress extrapolation method in accor-
dance with the fracture propagation principle, and the
pattern of fracture propagation was identified. The crack
coalescence path was then examined using the maximum
circumferential tensile stress criteria and the maximum
shear stress criterion under various propagation patterns.
Finally, the dynamic propagation and coalescence evolution
of cracks were realized by crack propagation and intersection
treatments. The rationality of the proposed method was
verified by uniaxial compression of typical rock specimens
with double cracks. Based on the multi-level cutting slope
with cracked rocks along an expressway, the crack pro-
pagation mechanism and the evolution of slope failure
path under excavation unloading were studied.
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2 Dynamic propagation simulation of
multiple cracks based on crack fracture
and propagation criterion

2.1 Fracture and propagation criterion of crack

In rock mass engineering such as rock slope engineering,
cracks mainly propagate in tensile and shear patterns under
complex stress conditions!']. In the process of crack pro-
pagation, the stress state evolves constantly, and the two
propagation patterns often transform into each other, for
example, tensile crack propagation can be transformed
into shear type, or shear crack propagation can be trans-
formed into tensile type. Different crack propagation
discriminating methods must be used to determine the
various stress levels and related crack propagation types.
To judge the crack propagation patterns in a complicated
stress environment, Chao and Liu®® developed a judgment
approach that is now often applied in fracture analysis
software like Franc®). This study used the fracture
propagation analysis method proposed by Chao and Liu/**!
to carried out dynamic multi-crack propagation simulation
analysis.
2.1.1 Initiation and propagation criterion of tensile crack

Maximum hoop stress criterion (MHSC)? is used
as the tensile crack initiation and propagation criterion.
The following equation is used to determine the crack
propagation direction 6, :

3K§ju/|<1“+8|<f|<fI D

K +9K;

6, = arccos

where K; and K are the mode I and mode II stress
intensity factors.

When tensile propagation happens, the stress intensity
factors at crack tip K, and K, satisfy the envelope:

K, 0053%—%&1 sin 6, cos%z K (2)

where K. is the fracture toughness of the material in

a pure tensile state.

2.1.2 Initiation and propagation criterion of shear crack
Maximum shear stress criteria (MSSC) is used as

the shear initiation and propagation criterion of crack.

The non-closed (fitting) solution for crack initiation angle

of shear propagation is as follows

0, =9.347x107D* -3.222x10° D’ +

9.086x107*D* +0.287D —0.049 (3
where D=tan"'(K,/K,).

When shear propagation occurs, the stress intensity
factors at crack tip K, and K, satisfy the envelope:

&cosﬂ[KI sing, + K;(3cos8, —1)]= K. 4
27, 2
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where o, and 7. are the critical tensile stress and
critical shear stress of materials, and the values of 7. / o,
range from 0.5 to 1.0, corresponding to different types
of materials from ductile materials to brittle materials!®®!,
The ductility of different rock materials is different, and
rock failure patterns are closely related to the material
ductility®®"). Because the ductility of most rocks is between
brittleness (7. /0. =1.0) and ductility (7./0o. =0.5),
7. / 0. = 0.7 is determined as a compromise.
2.1.3 Crack propagation pattern identification

The method proposed by Chao and Liul**! was adopted
to distinguish the crack propagation type under composite
stress state, specifically, the envelopes of tensile propa-
gation (Eq. (2)) and shear propagation (Eq. (4)) are drawn
in the Ki—Kj; coordinate system at the same time, and
the crack initiation and propagation types are identified
according to the distribution position of the stress state
at the crack tip in this coordinate system, as shown in
Fig. 1. The point T is the intersection of the envelopes
of MHSC and MSSC, and the line OT is the dividing
line between tensile and shear propagation, with a slope
expressed as

3cosisin6’t +&cos%(3cos¢9S -1)

L fc (5)
K 6 o o .
I 2cos’ +——Ccos—sinb,
(5 2
[
K
! MHSC envelope
‘“\\ T= Ky
- N, K,
\\
N e
c “
Kie A MSSC envelope

-,
~eo
~,
"~,
",

A Y
LY
)

1

(6]
Kic Ky

Fig.1 Discrimination of crack propagation in tensile or
shear pattern/?8!

The envelopes of MHSC and MSSC and the straight
line OT divide the coordinate system into six regions,
and each region corresponds to different crack propagation
conditions. When the stress states at the crack tip are in
regions a and b, the crack propagation does not occur.
When the stress states at the crack tip are in the region
C, shear propagation occurs at the crack tip. When the
stress state at the crack tip is in the region d, the tensile
propagation at the crack tip occurs. When the stress state
at the crack tip is in regions e and f, both tensile propagation
and shear propagation at the crack tip can occur. The
region e is dominated by tensile propagation, while the
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region f is dominated by shear propagation.
2.2 Simulation flow of dynamic crack propagation
Based on the crack propagation analysis method
described in Section 2.1 and continuous numerical
simulation methods such as conventional finite element
method and finite difference method, a simulation method
for dynamic crack propagation under the action of multiple
cracks (crack network) was proposed. The flow of this
proposed simulation method is shown in Fig. 2. Compared
with conventional continuous medium simulation methods,
the crack propagation calculation is added in the proposed
method, and the proposed method includes the steps of
stress intensity factor calculation, crack initiation judgment,
crack initiation angle calculation, crack propagation
distance determination, and new crack propagation segment

generation.

Create mesh, set boundary conditions and
material parameters

‘ Generate initial joint cracks (network) ‘

!

Set material parameters for joint
cracks

— ] P

Generate crack

propagation segments
based on & and |

Submit calculations to
obtain displacement,
strain, and stress

Generate crack
propagation segments
based on 6 and |

Calculate crack
initiation angle & (Eq.
(1)) and determine

1

z

Calculate stress intensity
factors Krand Ky at crack

alculate crack initiation
angle 6 (Eq. (3)) and
determine propagation

propagation type, Eqgs. (2) and (4) are used to judge
whether tensile or shear crack initiation and propagation
occurs at the crack tips.

(4) Crack propagation calculation. After judging that
the crack initiation can occur at the crack tips at the
previous step, the crack initiation angle € is calculated
by Eq. (1) or Eq. (3), and the propagation distance | at
this step is determined (Section 2.3.1).

(5) Generation of crack propagation segment. According
to the calculated crack initiation angle £and the determined
propagation distance |, a new crack propagation segment
is generated, and the values are assigned to the material
parameters in the generated segment. When the crack
intersects with the existing crack in the process of dynamic
crack propagation, the treatment method is given in Section
2.3.3.

2.3 Simulation technology of dynamic crack
propagation
2.3.1 Equivalent simulation of crack

The method of weakening local solid elements is used
to create initial cracks and simulate crack propagation
equivalently, as shown in Fig. 3, and the equivalent
simulation method of crack is similar to the equivalent
description method of crack in references [27, 32—35].
The specific simulation processes are as follows:

(1) Determination of the spatial position of the initial
crack (network) (Fig. 3(a)). For example, the spatial
position can be determined by one endpoint of a crack
plus dip angle and length of the crack, or by two endpoint

positions of the crack.

distance

propagation distance I tp

|

hether crack~Tensile mode
propagates or not ~~

No

Fig.2 Simulation flow of dynamic crack propagation (a) Determine initial crack (b) Generate equivalent initial

position crack
(1) Equivalent simulation of crack. Based on the 3 )
traditional numerical simulation methods for continuous I /' \ /
media, the local solid element weakening method is adopted A /

to equivalently simulate the crack (Section 2.3.1), which
is the basis of dynamic crack propagation simulation.

(2) Stress intensity factor calculation and propagation
type judgment. The mode I and mode II stress intensity
factors K, and K, at the crack tips are calculated
by stress extrapolation method (Section 2.3.2), and the
propagation type is judged by Eq. (5) based on the calculated
stress intensity factors.

(3) Judgment of crack initiation. According to the

(c) Determine crack initiation angle  (d) Generate crack propagation
and propagation distance segments

Fig.3 Equivalent simulation and dynamic propagation of
cracks

(2) According to the spatial distribution of cracks, the

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/7
DOI: 10.16285/j.rsm.2022.5667
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solid elements through or adjacent to which cracks go
are grouped and numbered, and their material strength
and stiffness are weakened, so as to form equivalent initial
cracks (Fig. 3(b)).

(3) The equivalent simulation of crack in its propagation
process is similar to the initial crack generation method.
First, the crack initiation angle and propagation distance
are obtained (Fig. 3(c)), so as to determine the distribution
position of crack tip propagation segment. Then, the solid
elements through or adjacent to which cracks pass are
grouped and numbered. Finally, a new crack propagation
segment is generated by weakening material parameters
and thus the crack tip position is updated (Fig. 3(d)).

The equivalent crack in Fig. 3 is essentially a solid
element strip with relatively low strength and stiffness,
which is formed by dispersing to adjacent solid elements
according to the distribution position of cracks. The crack
dispersion rule adopted in present study is as follows.
If the crack is located on the interface of solid elements
(Fig. 3(a)), at least one solid element at both sides of the
crack is dispersed to, thus forming an equivalent crack
with a width of at least two solid elements (Fig. 3(b)).
If the crack directly passes through or partially passes
through the solid element (Fig. 3(c)), at least the solid
element through which the crack passes is set as an
equivalent crack element (Fig. 3(d)). In addition, the
solid elements within a certain range on both sides of
the crack can be set as equivalent crack elements according
to the actual width of the crack.

The width of equivalent crack is closely related to the
element size. Because the crack width has an important
influence on the mechanical properties of rock mass and
crack, it is particularly important to determine the appropriate

element size for the simulation analysis of crack propagation.

When the crack width is fixed, the smaller the element
size, the more elements on the cross section of crack, the
smoother the crack boundary, and the better the crack
simulation effect. However, the reduction of element size
will lead to the increase of the number of elements in the
whole calculation model, which will affect the calculation
efficiency. As shown in Fig. 3, to make the equivalent
crack boundary continuous, the crack width should be
at least twice the size of the element, so the maximum
size of the element is

(D) L (6)

However, when the crack width is narrow, the element
size in the calculation model must be set to a smaller size
due to the limitation of the crack width, which leads to
an increase in the number of elements in the calculation
model and affects the calculation efficiency. This problem

Published by Rock and Soil Mechanics, 2023

is rarely mentioned in previous studies?’- 327331, Under
the condition of keeping the overall stiffness of cracks
unchanged, the crack width should be appropriately
expanded equivalently, so as to balance the simulation
accuracy of crack propagation and the calculation efficiency
of the model, as shown in Fig. 4.

/ Rock

Crack
Y /

Le R = LU

Equivalent widening

Fig.4 Equivalent treatment of crack width

If the stiffness (normal stiffness K|, tangential stiffness
K, ) of the crack is not changed before and after the crack
width is enlarged, the following requirements must be

met
K==

LC LC

: o 7
k=28

L LU

where L, and L, are the crack widths before and after
the equivalent expansion of crack width; E, and E/
are the compressive moduli before and after the equivalent
expansion of crack width; and G, and G, are the shear
moduli before and after the equivalent expansion of
fracture width. If the crack width is enlarged from L, to
L., that is, the element size is enlarged from (L, /2)
to (L, /2), the compressive modulus and shear modulus
of the crack should be increased to

E(: — Ech
LC
oL (8)
G‘:: c ¢C
L

2.3.2 Calculation of crack propagation factor

The stress intensity factor at the crack tip calculated
by extrapolation method is used as the crack propagation
factor. Because of the singularity of crack tip stress in
linear elastic materials, the material stiffness degradation
at the crack tip is usually used to eliminate this singularity
in numerical calculation®*®. However, this method of
eliminating stress singularity brings a large error to the
stress calculation at the crack tip. As a result, the stress
intensity factor at the crack tip cannot be calculated directly
by the stress of the crack tip element. Among the numerical
methods for stress intensity factor calculation, the extra-
polation method is a simple and direct method, including
the extrapolation method based on element stress and
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the extrapolation method based on crack tip opening
displacement. The extrapolation method based on element
stress is used to calculate the stress intensity factor, and
its calculation principle is shown in Fig. 5.

A

Omax

L ]
|
1
2 1
1
n I
1 ]
L Crack tipH-HHHHHHHHHHHH i
HH%EWW% H H H
LU \i\ \I\ LIl T
e yl
- f————— - i X
[} ) | [0]
—————— fitfrm—————— -

Fig.5 Stress distribution at crack tip and calculating point
selection in stress-extrapolation method

In the stress extrapolation method, the stress intensity
factors near the crack tip are assumed to be linear functions
of the distance

K, =Ar+B,
K,=Ar+B,
where A, A, B,and B, are fitting parameters. When
the value of r tends to be zero, the intercepts in Eq. (9)
B, and B, correspond to the mode I and mode II stress
intensity factors at the fracture tip. By substituting the
distance between the point near the crack tip and the crack
tip I, and its corresponding stress intensity factors K,
and K,; into Eq.(9),suchas(r;, K;)and(r,, Kj),
the stress intensity factors at the crack tip K; and K;
can be extrapolated. According to the linear regression
method, the expressions of stress intensity factors at the
crack tip are as follows:
K, = 2 ZE%W—ZGZZ%W
(Xn) -NZF
K, = 2 Zﬂ%@-ZEZZTm\/ﬁ
(Xr) -NZr
We take a rock plate with a crack at the center as an
example to demonstrate the calculation method of stress
intensity factor at the crack tip and its considerations, as
shown in Fig. 6. The geometrical dimensions of the plate
(Fig. 6(a)) are: half width W is 100 mm, half height H
is 200 mm, plate thickness is 1 mm, half crack length a
is 20 mm, and crack width b is 1 mm. The uniform stress
acting on both ends of the cracked plate is 10 MPa. The
elastic modulus E of the material is 20 GPa and Poisson’s
ratio V is 0.25. The method shown in Fig. 3 is used to
simulate cracks equivalently, and the calculation results

are shown in Fig. 6(b).
The stress distribution at the crack tip is shown in

9

(10

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/7
DOI: 10.16285/j.rsm.2022.5667

Fig. 6(c). The distribution of stress intensity factors near
the crack tip calculated by the stress distribution in Fig. 6(c)
is presented in Fig. 6(d) and the stress intensity factors
at the crack tip obtained by extrapolation using different
value points are presented in Fig. 6(e). Due to the poor
regularity of stress distribution at the crack tip (Fig. 6(c)),
the reliability of stress intensity factor extrapolated from
the first point of the crack tip is low (Fig. 6(d)), while the
reliability of stress intensity factor extrapolated after
ignoring the first two or three points of the crack tip is
high (Fig. 6(e)), which can meet the requirements of crack

tttrtttts

2H

=

2W

I

(a) Model diagram
60

Stress /MPa IR T [0l
10 20 30 40 50

(b) Vertical stress

Stress /MPa
B
S

20
10 1 1
0 2 4 6 8 10 12 14 16 18 20
Distance /mm
(c) Stress distribution at crack tip
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°§ 140 .
. .ﬂ.a—_ﬁ’—-
< 120 L aahdigl
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(d) Calculation of stress intensity factor before optimization of value points
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3
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(e) Calculation of stress intensity factor after optimization of value points

Fig. 6 Stress-extrapolation method verification for stress
intensity factor calculation of equivalent crack
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propagation analysis. It is therefore necessary to neglect
the first 2 or 3 points of the crack tips when calculating
the stress intensity factor of the crack tip using the equi-
valent crack simulation and stress extrapolation method
proposed in this paper.
2.3.3 Coalescence treatment of crack

The treatment of crack coalescence is a difficult problem
in the crack propagation simulation in multi-cracked rock
mass. In the crack propagation simulation methods based
on fracture mechanics, such as extended finite element
and field-enriched finite element, the crack coalescence
is usually divided into the coalescence of crack tips, the
coalescence of crack tip and crack segment, and the coale-
scence of crack tip and free boundary®3"!. The present
study develop a simple crack coalescence treatment method
according to the characteristics of equivalent crack pro-
pagation simulation, as shown in Fig. 7.

Propagating Int‘ersecf:‘tlon .
crack point of cracks

~,
Existing crack

Crack coalescence

N

(N

a4

(a) Before crack (c) Crack coalescence
coalescence

Propagate along Propagate along
existing crack original direction
% X,
"y

(d) Potential propagation scenarios after crack coalescence

(b) Crack coalescence
prediction

Propagate along
existing crack

Fig.7 Treatment method of crack coalescence

Before cracks coalesce, there is a certain distance
between a propagating crack and an existing crack, as
shown in Fig. 7(a). When the tip of the propagating crack
is close to the existing crack, it is judged by calculation
whether the propagating crack will meet the existing crack
in the next propagation calculation. If the propagating
crack will meet the existing crack in the next propagation
calculation, the position of the coalescence point is deter-
mined (Fig. 7(b)), and the tip of the propagating crack
is extended to the coalescence point to complete the coa-
lescence calculation of the cracks (Fig. 7(c)). The tip of
the propagating crack is adjusted after the crack coalescence.
There are many potential propagating directions of the
crack after the crack coalescence: propagating along either
end of the existing crack or along the original direction
of the propagating crack (Fig. 7(d)). The most probable
propagation direction is selected from the potential pro-
pagation directions as the propagation direction after the
crack coalescence. The judgment method for propagation
direction is to calculate the stress intensity factors at the
crack tip along different directions and the corresponding
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distances from the envelope shown in Fig. 1, and the
propagation direction of crack is along the direction with
the largest distance beyond the envelope. In addition,
when the propagating crack meets the coalescence point
of the existing crack, the method for judging the next
propagation of the crack is similar to that shown in Fig. 7(d),
that is, the most likely propagation direction is selected
from a plurality of potential propagation directions passing
through the coalescence point as the propagation direction.
2.4 Verification of dynamic multi-crack propagation

Two typical rock specimens with double cracks in
reference [38] were selected for uniaxial compression
simulation, and the rationality and applicability of the
proposed method were verified by comparing the simulation
results shown in Fig. 8 with the exiting results. The elastic
modulus of the rock specimen is 20 GPa, the Poisson’s
ratio is 0.25, and the mode I fracture toughness is 2.0
MPa-m®?, There is no interaction on the interface under
tension, but the friction force on the interface of the crack
under compression-shear condition exists. Therefore, the
Mohr-Coulomb model was adopted to simulate the mecha-
nical performance of the crack. Both the cohesion and
tensile strength are 0, and the internal friction angle is
30°. The strength model and corresponding parameters
can ensure the tensile yield of the crack in tensile state
and the shear yield when shear stress exceeds shear strength
of the crack in compressive-shear state, so that tensile
and slip deformations of crack interfaces can be simulated
through the plastic flow of crack element. The vertical
load on the specimen starts from O at a rate of 0.1 MPa
per step. The increase of the load is suspended until the
crack initiation, and the crack propagation calculation
begins.

(b) Propagation pattern of double cracks Il

Fig.8 Uniaxial compression simulation of typical
double-cracked rock specimens

The dynamic crack propagation processes are displayed
in Fig. 8. The final crack propagation path calculated in
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Fig. 8 is in good agreement with the experimental results
in reference[38], thus demonstrating the rationality of
the proposed equivalent simulation method of crack
propagation in the analysis of crack propagation path.
The stress intensity factor at the crack tip before
crack propagation is extracted and put into the envelope
diagram to analyze the crack propagation pattern, as shown
in Fig. 9. During uniaxial loading, the stress states at
points A, B, and D of the crack tip evolve along paths
@, @, and @ in K—Kj coordinate system, and finally
reach MHSC envelope and expand in tensile pattern.
However, the stress state at point C of the crack tip evolves
along path 3 in K—Kj coordinate system, and finally
reaches the MSSC envelope and develops in shear pattern.
The calculated crack propagation patterns are the same
as those of uniaxial compression test for specimens with
double cracks in reference [38], that is, tensile propagation
occurs at points A, B, and D of the crack tip, and shear
propagation occurs at point C of the crack tip, thus demon-
strating the rationality of the proposed crack propagation
simulation method in crack propagation pattern analysis.

Propagation pattern
of double cracks II

Propagation pattern
of double cracks I

1.0 -
Crack tip
038 BA B
o 06 AC oD
g 0
X 04
MSSC
0.2 Envelope
0.0 !
0.0 03 0.6 0.9 1.2 1.5 1.8 2.1
K[/KIC

Fig.9 Stress intensity factor evolution and propagation
pattern identification at crack tips

3 Failure path analysis of cracked rock
slope under multi-stage excavation
unloading

3.1 Overview of engineering project

The proposed simulation method was used to analyze
the failure path of a highway cutting slope under multi-stage
excavation unloading. The shape and excavation design
of the slope are displayed in Fig. 10(a). The slope is in
denudation low mountain region and has a natural transverse
slope of about 25° . The surface layer of the slope is brown-
yellow hard plastic silty clay with a thickness of 1.0—
2.0 m, and the underlying strata is strongly to moderately

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/7
DOI: 10.16285/j.rsm.2022.5667

weathered brown-yellow siltstone of the middle Triassic,
with medium-thick layered structure and developed cracks,
which belongs to soft rock. The excavation profile of the
slope is step-shaped, with a slope ratio of 1:1.25, and a
bench height of 10 m, as shown in Fig. 10(b).

According to the preliminary geological survey and
excavation exposure, two groups of predominant discon-
tinuities are developed in the overlying strata of the slope,
and they are gently inclined crack group J1, 320°/SW £
53° and steeply inclined crack group J2, 53°/NW /87°.
Based on the main occurrence characteristics (dip direction
and angle) of the cracks in the overlying strata of the slope,
the predominant cracks (ignoring the minor cracks with
short trace length) of the two groups of dominant cracks
are randomly generated, with trace lengths of 3—8 m and
spacings of 4—6 m, and the spatial characteristic distribution
of cracks is given in Fig. 10(b).

a 41.'_0-'r'n"'_

¥
>

4 390 m -
ok xcavation surface

] g = of slope
= 7 ks 37'9_111 %
Y X Vi A
ey TR A Y, Qe
T = ENRNNAE [ERRRRRRNN f;’f‘_'”fum-,_ First slide

Second slide

D

+330m B |
A

N S| Thirdslide

(a) Slope terrain and its excavation and failure regions

410 -
First berm

390
370

350 Subgrade

Elevation /m

bSO ‘*-l.,
v SNRYEN \\/
20k N | / / " 7
N T ——
300 7\7/\/1\ ~/ /.\/\ .\/\//r/\’.\/ .
0 20 40 60 80 100 120 140 160 180
Distance /m

=1 Silty clay Crack group J1 O Crack group J2 =] Excavation surface
of slope
[ Strongly weathered 1 Moderately weathered =3 Slightly weathered
siltstone siltstone
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Fig.10 General engineering geology of slope

When the slope was excavated to the designed slope
toe in January 2022, it slipped many times due to excavation
unloading, and the sliding failure status is presented in
Fig. 11. Through geological investigation, the failure
characteristics of the slope were as follows: tensile cracks
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with a width of about 20 cm appeared at the slope top;
shear dislocation with a distance of about 30 cm occurred
on the slope surface, which was approximately perpen-
dicular to the slope surface and outward; shear displacement
of about 20 cm occurred at the slope toe. According to
the exposed crack surface characteristics after the sliding
failure, the propagation and failure of the tensile cracks
at the slope top and the shear cracks at the slope flank
and toe were all along the existing cracks. Further combined
with the results of geological exploration and deep dis-
placement monitoring at the early stage (Section 3.4),
the sliding zones of the slope sliding for many times were
speculated to be distributed in cracked rock strata.

—

Fig.11 Geological survey for slope failure characteristics

3.2 Numerical analysis conditions

To clarify the propagation and coalescence of existing
cracks and failure characteristics of the slope under exca-
vation unloading, the failure mechanism of the slope
under excavation unloading were investigated based on
crack propagation. The mechanical parameters of different
slope strata were determined through geological survey
report and laboratory tests, as shown in Table 1.

Table 1 Geotechnical mechanical parameters of slope

Internal  Deformation

Density  Cohesion Poisson’s

Formation type R friction angle modulus )

g+ cm?) /MPa ) /GPa ratio

Silty clay 1.6 0.042 31 0.5 0.30

Strongly weathered -, 0.350 33 2.0 0.28
siltstone

Moderately
weathered siltstone 24 0.460 36 6.0 0.27
Stightly weathered - 5 0.730 37 9.0 0.26

siltstone

According to the distribution of strata in profile,
excavation surface, and cracks in the slope displayed
as Fig. 10(b), a numerical analysis model of the slope
excavation was established, as shown in Fig. 12. The
element size of the slope is 0.1 m, and the average width
of equivalent crack is 0.2 m. There are 121 cracks in the
overlying strata, including 54 cracks with gentle dip angles
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(group J1) and 67 cracks with steep dip angles (group J2).
The crack propagation is simulated using the methods
described in Sections 2.1-2.3, and the propagation length
of cracks is set to 10 unit lengths (1 m) at a time.

Fig.12 Numerical calculation model of slope

The linear elastic model was adopted to simulate
the complete rock in the overlying strata of the slope,
and the stiffness parameters of the model materials were
selected from Table 1. According to the rock mechanics
parameters shown in Table 1, the shear strength parameters
of the slope were converted into fracture toughness by
using the conversion method between shear strength
parameters and fracture parameters in reference [39]. The
mode I fracture toughness of different strata from top
to bottom is 0.12, 0.24, 0.45, and 0.56 MPa-m’°. To
consider the mechanical properties of crack interfaces
under different stress conditions, the parameter setting
method for crack material was consistent with that in
Section 2.4, and the Mohr-Coulomb model was employed
to simulate the crack. The crack strengths of different
strata are mainly reflected in the friction coefficients. For
the cracks in strongly, moderately, and slightly weathered
siltstone, their cohesion and tensile strength were all 0,
and their friction coefficients were determined according
to the internal friction angles of rocks in the strata, which
are 33°,36°, and 37°.

3.3 Dynamic crack propagation process of slope
under excavation unloading
3.3.1 Crack initiation and propagation at bench edge

The crack initiation and propagation processes at
bench edge under excavation unloading are shown in
Fig. 13, and Fig. 14 shows the distributions of stress
intensity factors at points A, B, and C of crack tip during
excavation corresponding to Fig. 13.

(a) In the initial state and when the slope is excavated
to the first berm, the stress intensity factors of the crack
tip at the bench edge are distributed within the envelope,
and the crack does not initiate and expand at this time.
(b) When the slope is excavated to the second berm, the
stress state at point B of the crack tip evolves from the
inside of the envelope through the MHSC envelope to the
outside of the envelope, which indicates that the initiation
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and propagation of tensile crack occur at point B of the
crack tip during this excavation process. (¢) When the
slope is excavated to the third berm, the initiation and
propagation of tensile crack at point C of the crack tip
are similar to those at point B, so the crack initiation and
propagation occur at both tips of the crack BC at bench
edge, forming the dominant propagating cracks.

(¢) Excavation of second berm (d) Excavation of third berm
Fig. 13 Upper slope excavation and crack initiation process

at bench edge
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Fig.14 Upper slope excavation and crack initiation analysis
at bench edge

3.3.2 The first sliding failure path

The dominant propagating crack BC at the bench
edge are taken as the main propagating cracks, and the
crack propagation characteristics in the slope during multi-
stage excavation are explored, with the calculation results
shown in Fig. 15. To analyze the complete failure path
of the slope under excavation unloading, whether the crack
can initiate during the dynamic crack propagation processes
is no longer considered based on the crack initiation
analysis in the previous section. Therefore, the failure
path calculated in this section is actually the potential
(most likely) failure path of the slope under excavation
unloading.

(a) The failure surfaces of the slope are composed
of the existing cracks in the slope and the fracture surfaces

https://rocksoilmech.researchcommons.org/journal/vol44/iss4/7
DOI: 10.16285/j.rsm.2022.5667

formed by the crack propagation in the rock bridge under
excavation unloading. In the middle and upper parts of
the slope, the fracture surface mainly expands along the
existing cracks with steep and gentle dip angles. While
in the lower part of the slope and near the slope toe, the
fracture surface mainly expands along the cracks with
gentle dip angles, and the cracks with steep dip angles
have less influence on the crack propagation path.

(b) The cracks in different parts of the slope or with
different dips have different propagation patterns. In the
middle and upper parts of the slope, the cracks with gentle
dip angles mainly expand in tensile pattern, while the
cracks with steep dip angles mainly expand in shear
pattern. In the lower part of the slope and near the slope
toe, the cracks with gentle dip angles mainly expand in
shear pattern, while the cracks with steep dip angles are
not easy to expand.

(c) The shape of crack propagation path has obvious
spatial distribution characteristics. During downward
excavation unloading process of the slope, the crack
propagates downward from the bench edge along the
slope surface, the step-shaped crack propagation path
occurs in the middle and upper parts of the slope, the
arc-shaped crack propagation path occurs in the lower
part of the slope, and the sliding body finally slides out
from the slope toe.

T: Tensile mq;zle ---------------- N

S: Shear modg
NS

.

(e) Excavation of subgrade

Fig.15 Crack propagation path during excavation of
middle and lower slope parts

3.3.3 The second sliding failure path
The investigation on the second sliding failure path

10
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of the slope is similar to that on the first sliding failure
path. It is necessary to judge or specify the initial initiation
and propagation position of the crack to form the dominant
propagating crack, and then the crack propagation pattern
and path are examined based on the dominant crack.
According to the evolution law of stress intensity factor
of the crack tip at the bench edge during the excavation
of the upper part of the slope in Fig. 14, the stress state
at point A of the crack tip at the bench edge is close to
MHSC envelope in KKy coordinate system, demonstrating
easy initiation and propagation of the crack. Therefore,
the point A of the crack tip at the bench edge is designated
as the crack initiation point of the second sliding failure.
Other analysis conditions are consistent with those in
the simulation of the first sliding failure path of the slope.
The calculation results of the second sliding failure path
of the slope are shown in Fig. 16.
T: Tensile rpode _____________ .
. S Shear mg:)de )

(f) Failure path (coalescence)

(e) Downward propagation IV
Fig.16 Crack propagation path of second rockslide

Comparing Fig. 16 with Fig. 15 shows that there are
many similarities between the second sliding failure
processes and the first sliding failure processes in the
development direction of fracture surface and the shape
of fracture path. However, the two sliding failure processes
of the slope have the following different characteristics:

(a) The crack propagation patterns are different at
the same elevation. In the second sliding failure processes,
the cracks with steep dip angles in the middle and upper
parts of the slope mainly expands in tensile mode, while
the cracks with gentle dip angles mainly expands in shear
mode. In the first sliding failure processes, the cracks with
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steep dip angles in the middle and upper parts of the slope
expand in shear mode, while the cracks with gentle dip
angles expand in tensile mode.

(b) The spatial distribution characteristics of crack
propagation paths are different. The first sliding failure
surface of the slope extends downward from the bench
edge and slides out from the slope toe. However, the second
sliding failure surface mainly occurs in the middle and
upper parts of the slope, and the failure surface extends
downward from the slope top and then intersects with
the first sliding failure surface in the middle part of the
slope, thus forming an interconnected failure path.
3.3.4 Deformation distribution law

The deformation distributions of the slope when the
failure paths are interconnected are presented in Fig. 17.
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Fig.17 Sliding deformation distribution of rockslide

(a) After the first failure surface of the slope is inter-
connected, the whole sliding body slides towards the slope
surface, and the sliding deformation of the lower part of
the sliding body (the maximum deformation is about
13 mm) is significantly higher than that of the upper part
of the sliding body (the minimum deformation is about
1 mm), as shown in Fig. 17(a).

(b) After the second failure surface of the slope is
interconnected, the newly generated sliding body slides
to the slope surface, and the deformation of the sliding
body presents the distribution characteristics of small
at upper part (the minimum deformation is about 2 mm)
and large at lower part (the maximum deformation is
about 11 mm), as shown in Fig. 17(b).

(c) The deformation of the second sliding body is
less than that of the first sliding body due to the blocking

1



Rock and Soil Mechanics, Vol. 44 [2023], Iss. 4, Art. 7

WANG Chuan et al./ Rock and Soil Mechanics, 2023, 44(4): 1190-1203 1201

action of the first sliding body, and the deformation of
the first sliding body increases by 2—3 mm due to the
pushing action of the second sliding body.
3.4 Comparison between simulation and
monitoring data of crack propagation

The comparison between the abovementioned numerical
results and the monitored deep deformation distributions
before and after slope failure (Figs 18(a) and 18(b)), as
well as the estimated sliding failure range based on moni-
toring data and site investigation on the landslide (Fig.
18(c)), are shown in Fig. 18. On January 2, 2022, the
installations of the inclinometer with a length of 30 m
at the third berm and the inclinometer with a length of
20 m at the fifth berm were completed (the installation
positions are given in Fig. 18(c)), and the deep horizontal
deformation monitoring of the slope began. On January
4, 2022, the landslide occurred, and the inclinometer
was damaged due to excessive local deformation. The
monitoring data before the damage of the inclinometer
are shown in Figs. 18(a) and 18(b). The monitoring data
from the inclinometer with a length of 30 m at the third
berm show that the maximum horizontal deformation in
the deep slope part is around 18 mm during the monitoring
period, and the sliding failure position occurs within the
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Simulation (After the rupture path is connected)

Horizontal displacement /mm  Horizontal displacement /mm
-5 0 5 10 15 20 -5 0 5 10 15 20
T T 1 T T 1

Buried depth /m
I~
T

Buried depth /m
)

(a) Deformation of the inclinometer (b) Deformation of the inclinometer
with a length of 30 m with a length of 20 m

410 i
Crack position

N Crack posm(fgferred range of second sliding

390

& 3701 Inferred range of first sliding
=
L a5 [T 20 m inclinometer
£ 350 Tl
= S
2 N S N
M 330 fsecond failure path AN N e T
SN Crack-pesition

320 - Calculated result of first failure p

300 1 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140 160 180

Distance /m

(c) Inferred slope failure range and calculated result of second failure path

Fig. 18 Comparison of monitored/investigated results and
calculated results of rockslide
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depth range of 25—28 m the third berm downward, as shown
in Fig. 18(a). The monitoring data from the inclinometer
with a length of 20 m at the fifth berm show that the
maximum horizontal deformation in the deep slope part
is about 14 mm during the monitoring period, and the
sliding failure position occurs within the depth range of
16—18 m the fifth berm downward, as shown in Fig. 18(b).

The calculated horizontal deformations of the slope
when the first sliding failure surface is interconnected are
compared with the monitoring data, as shown in Figs. 18(a)
and 18(b). The calculated horizontal deformations of the
slope are relatively smaller compared with the monitoring
results, but the calculated deformation distribution trends
and sliding band positions have high similarity with the
monitoring results.

Combining the monitoring results of deep slope
displacement with the geological survey results such
as the landslide crack distribution, the sliding failure
range of the slope can be inferred, as shown in Fig. 18(c).
The calculated failure path distribution is compared with
the predicted slope sliding failure range, it is found that
the numerical results of the slope failure path are in good
agreement with the two predicted slope sliding failure
ranges in the overall trend, which shows that the failure
path analysis of the slope under excavation unloading
based on crack propagation is reasonable.

3.5 Discussion on failure pattern of cracked rock
slope under excavation unloading

The failure pattern and path of cracked rock slope has
been a hot issue in slope engineering field. For example,
Huang et al.Bl, Scholtés and Donze!'!l, and Zhu et al.l'*!
used the strength reduction method to simulate the failure
pattern of natural cracked rock slope by particle discrete
element method, and Chen et al.’%!, Zhou!®!!, and Aliha
et al.*) studied the fracture path of typical cracked rock
slope based on fracture mechanics judgment. Compared
with the existing research, the characteristic of this paper
is that the crack propagation criterion under complex
stress environment is developed into numerical simulation,
and the influence of excavation unloading on crack initiation
and propagation is analyzed from the mechanical point
of view of crack propagation. Furthermore, the crack
distribution (crack network) considered in this paper is
more complex and more suitable for engineering practice.

Further analysis of the above numerical results shows
that the crack initiation and propagation mechanism and
failure path distribution law of cracked rock slope under
excavation unloading are as follows:

(1) The crack initiation and propagation of the slope
begins from the crack tip at the bench edge. As the exca-
vation unloading of the upper part of the multi-stage
slope advances, the stress state of the crack at the bench
edge is adjusted, and the stress intensity factor at the crack

12
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tip gradually approaches and exceeds the MHSC envelope,
which leads to the initiation and propagation of tensile
crack at the bench edge and form the dominant propagating
crack under excavation unloading.

(2) The tensile-shear mixed propagation of crack
occurs in the middle and upper parts of the slope, and
the propagation path is step-shaped. In the middle and
upper parts of the slope, the propagation pattern of crack
is significantly affected by the crack distribution (crack
network) and the dip angle of crack. For example, in the
upper part of the first sliding failure surface near the slope
surface, the propagation of cracks with gentle and steep
dip angles are mainly tensile and shear modes, while in
the second sliding failure surface near the deep slope,
the propagation modes of cracks with gentle and steep
dip angles are opposite to those near the slope surface
due to the change of stress environment. The fracture
surface formed by the crack propagation in the middle
and upper parts of the slope intersects with the existing
cracks and expands along the tip of the intersected cracks,
thus forming a step-shaped propagation path.

(3) The shear propagation occurs in the lower part
of the slope and near the slope toe, and the propagation
path is arc-shaped. Because of the obvious shear action
in the lower part of the slope and near the slope toe, the
propagation of the crack in this part is mainly in shear
mode, and the propagation path is mainly controlled by
the distribution form of the maximum shear stress at the
slope toe, which is approximately arc-shaped. At the
slope toe, the crack with gently dip angle has a certain
influence on the propagation path because its trace is
consistent with the direction of the maximum shear stress
gradient, while the crack with steep dip angle has less
influence on the propagation path because its trace is
approximately perpendicular to the direction of the
maximum shear stress gradient.

The third landslide happened after the first two landslides.
Authors deemed that the 3rd landslide was similar to the
2nd landslide in terms of mechanism of occurrence
through the geological findings of the 3rd landslide such
as fracture distribution, slide surface characteristics, and
slide range, and so no discussion was made. In addition,
because excavation unloading is the condition that leads
to crack propagation along the slope, the judgment of
crack initiation primarily takes into account the crack at
the bench edge that is first affected by the excavation
unloading process. However, this judgment has some
restrictions on the selection range of potential initial crack
initiation, necessitating further optimization of the judgment
of crack initiation.

4 Conclusions

The crack propagation criterion under complex stress
conditions was developed into numerical simulation, and
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the crack propagation mechanism and the failure path
development law of the slope under multi-stage excavation
unloading were simulated and analyzed from the perspective
of crack propagation. The main conclusions are drawn
as follows:

(1) The crack network was equivalently simulated
by weakening local solid elements, and the dynamic crack
propagation simulation with complex crack network was
accomplished by integrating stress intensity factor cal-
culation, crack propagation pattern recognition, and crack
coalescence treatment techniques. The rationality of the
proposed method in simulating crack initiation and pro-
pagation was verified by uniaxial compression of typical
rock samples with double cracks, and its applicability
in rock slope failure analysis was verified by numerical
analysis on failure path of the slope under excavation
unloading.

(2) Under multi-stage excavation unloading from
top to bottom, the stress state at the bench edge evolves
continuously, and the tensile crack initiation and pro-
pagation at the bench edge first occurs. As the slope
excavation advances, the crack at the bench edge propagate
downward along the slope surface and form the predominant
propagating crack during excavation unloading.

(3) The tensile-shear mixed crack propagation occurs
in the middle and upper parts of the slope, and cracks
with various dip angles and locations propagate in diverse
patterns. The crack surface in the middle and upper parts
of the slope is formed by the coalescence of existing cracks
and the fracture surface formed by crack propagation,
and the failure propagation path is step-shaped.

(4) The crack propagates in shear pattern in the lower
part of the slope and at the slope toe, and the arched
propagation path is mostly governed by the maximum
shear stress distribution at the slope toe. The crack with
a gentle dip angle has certain influence on the propagation
path, while the crack with a steep dip angle has less
influence.
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