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Critical tension crack depth in rockslides that conform
to the three-section mechanism

Abstract The three-section mechanism is a typical mechanism of
large-scale rockslides. Such rockslides are typically characterized
by sudden instability and can cause many casualties and consid-
erable economic losses due to their high-speed and long-distance
runout. Their evolutionary process is closely related to the devel-
opment of the tension crack at the trailing edge and the sudden
brittle failure of the locked section. In this study, the curved failure
path of the locked section was verified by means of the numerical
simulation conducted using PFC2D. On the basis of that, the
critical threshold of the tension crack depth for slope instability
was derived based on the limit equilibrium state determined using
the vector sum method, and this threshold was then verified
through application in a case study. The results show that the
critical tension crack depth threshold is not only related to the
slope height but also closely related to other geometric and me-
chanical parameters of the slope. In addition, the case study shows
that the result calculated using the methodology proposed in this
paper is more accurate than that obtained from the previous
empirical equation. Hence, the outcomes of this study are signif-
icant for improving stability analyses, instability prediction, and
the early warning of instability for such rockslides.

Keywords Rockslides . Three-sectionmechanism . Tension
crack . Critical depth . Instability prediction and early warning

Introduction
The three-section mechanism is the underlying mechanism of a
typical geomechanical model for large-scale rockslides. In this
model, the sliding surface is directly determined by three sections
(Fig. 1): (a) the creep section along the weaker strata, (b) the steep
tension section along the tension crack at the rear, and (c) the
curved locked section in between (Huang 2009; Huang 2012).
During the evolution of such a rockslide, the sliding at the slope
toe driven by continuous creep deformation causes the initiation
of a tension crack from the head of the slope that then propagates
farther into the body of the slope until shear failure of the locked
section occurs.

Evidently, the evolutionary process of this type of rockslide is
closely related to the development of the tension crack at the
trailing edge; hence, this crack development is a vital concern for
real-time monitoring and early warning. Since these rockslides
typically occur suddenly, as determined by the brittle shear failure
of the locked section when the tension crack reaches a certain
depth, the high-speed and long-distance runout of such a rockslide
usually results in many casualties and considerable economic
losses (Zhang and Liu 1990; Huang et al. 1991; Huang and Deng
1993; Sartori et al. 2003; Eberhardta et al. 2004).

For a rockslide that conforms to the three-section mechanism,
the instability of the slope is almost impossible to predict on the
basis of displacement monitoring at the surface and in the interior
of the slope due to the lack of a regular progressive deformation
pattern (i.e., initial, stable, and accelerating deformation) in the

slope displacement curve. Therefore, due to the suddenness of
these rockslides, it is difficult to provide early warning of their
instability. To solve this difficulty, the critical tension crack depth
was summarized according to the following empirical equation
shown in Eq. (1) based on rockslides conforming to the three-
section mechanism (Zhang and Liu 1990) and was recommended
for predicting the instability of such rockslides (Huang and Deng
1993; Huang 2012).

Hcr ¼ 0:5763H−27:0992 ð1Þ

Although Eq. (1) correctly reflects the actual observation that
the critical depth of the tension crack for slope instability is
approximately half of the slope height, this equation was derived
from an empirical summary of rockslides and lacks a theoretical
basis. Therefore, it cannot yield highly accurate calculation results
for all rockslides that conform to the three-section mechanism.

To improve the calculation accuracy of the critical tension crack
depth, it is critical to explore the failure path of the locked section.
The 2D Particle Flow Code (PFC2D), as one of discrete element
methods, represents the rock mass as an assembly of bonded
particles, and it directly allows crack initiation and propagation
by bond breakage between the particles of the locked section
(Huang et al. 2015). Therefore, PFC2D has natural advantages to
investigate the potential failure path of the locked section. In this
paper, the failure path of the locked section is verified by the
numerical simulation using PFC2D, the results of which indicate
that this failure path can be assumed to follow an arc that is
tangent to both the tension crack and the creep section. On this
basis, a critical tension crack depth threshold is derived based on
the limit equilibrium state determined via the vector sum method
(VSM) proposed by Ge (2008), and this threshold is then verified
through application in a case study. The results show that the
critical tension crack depth in a rockslide that conforms to the
three-section mechanism is a function of the geometric and me-
chanical parameters of the slope. The outcomes of this study are
significant for improving stability analyses, instability prediction,
and early warning for such rockslides.

Verification of the failure path of the locked section
For a rockslide that conforms to the three-section mechanism, the
failure path of the locked section serves as a vital foundation for
analyzing the slope stability and estimating the critical depth of the
rear tension crack for instability. Field investigation results show
that the sliding surface morphology of the locked section in the
middle is approximately circular instead of a straight-line path
(Huang et al. 1991). To verify this finding, a numerical simulation
was performed to investigate the failure path of the locked section
as determined by the self-weight of the slope by employing the
Particle Flow Code (PFC), in which the rock mass was represented
as an assemblage of bonded rigid disk-shaped particles based on
the principles of the discrete element method (DEM) (Huang et al.
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2015). The mechanical behavior of the particles in such an assem-
blage obeys Newton’s second law. The force and moment acting at
each contact bond between particles are described by the force-
displacement law (Itasca Consulting Group Inc. 2016).

In this study, the slope materials were assumed to be homoge-
neous and were simulated using the parallel bond model shown in
Fig. 2, which is subject to a normal force, shear forces, and a
rotation moment. Thus, the concentration of the internal forces
may cause the bond in this model to break in either a tension
mode or a shear mode, simulating the rupture of real geotechnical
materials (Cho et al. 2007). The microparameters shown in Table 1
were obtained based on the calibration for the target macroscopic
parameters shown in Table 2, which came from a real rockslide
that conforms to the three-section mechanism (Huang et al. 1991).
The abovementioned calibration of the microparameters was com-
pleted by the corresponding numerical tests: the standard uniaxial
compressive test for the uniaxial compressive strength, Poisson’s
ratio, and Young’s modulus of the locked section; the direct shear

tests with the normal stresses of 4, 5, 6, 7, and 8 MPa for the
internal friction angle and cohesion of the locked section; and the
direct shear tests with normal stresses of 0.22, 0.23, 0.24, 0.25, and
0.26 MPa for the internal friction angle and cohesion of the creep
section. The radius of the particles for all of the numerical tests
was set as 0.5~0.75 mm, and the numerical models for the direct
shear tests were a 100 mm height and a 100 mm width.

The PFC2D slope model contains 45,121 particles with a radius of
0.1~0.15 m, and its geometric dimensions can be found in Fig. 2.
The origin of the coordinate system is located at the lower left
corner point of the model. The positive directions of the x-axis and
y-axis point to the right and in the upward direction, respectively.
A prefabricated crack with a length of 20 m, as shown in Fig. 2, was
created by deleting the corresponding disk particles (Yang et al.
2014). The creep section at the slope toe with the width of 0.2 m, as
shown in green in Fig. 2, was created employing the smooth joint
model, in which the behavior of a structural plane with dilation,
regardless of the local particle contact orientations, is simulated by
assigning smooth joint models to all contacts between particles
that lie on opposite sides of the joint (Itasca Consulting Group Inc
2016). Considering the great difference in the peak and residual
strengths in the locked section (Tang et al. 2020), the limit state
corresponding to the failure of the locked section was simulated by
enhancing the acceleration of gravity by a factor of 10, which is
similar to the slope safety factor by the method of gravity increase.

The evolutionary process of the rupture of the locked section is
shown in Fig. 3. The corresponding force chains are represented by
two colors: red reflects compression and blue reflects tension. The
duration of the entire process, from crack initiation to ultimate
failure, was 30,000 time steps. In the initial stage, compressive
forces were concentrated at the tip of the prefabricated crack (Fig.
3a). Subsequent internal force redistribution caused the force state
to transition from compression to tension (Fig. 3b), and the area of
tension force concentration at the tip of the prefabricated crack
gradually expanded (Fig. 3c). Crack initiation occurred at the
prefabricated crack tip once the tension force concentration
reached a certain level (Fig. 3d), and the crack then propagated
with the migration of the area of tension force concentration (Fig.
3e–g). Ultimately, the crack coalesced with the creep section (Fig.
3h), causing the locked section to fail completely (Fig. 3i). The

Locked section
(shearing)

Tension
section
(cracking)

Creep section of the front
( continuous creep sliding ) 

Tension cracks

Fig. 1 The three-section model and its features (Huang 2012): (a) brittle rock, or
rock and soil, with nearly horizontal or gently inclined structural planes at the toe
of the slope and (b) hard rock with thin interlayers of weaker material
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Fig. 2 Numerical simulation model in PFC2D
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failure path of the locked section in the PFC2D model was not a
straight-line segment but rather a circular arc between points A
and B (Fig. 4), which is consistent with the field investigation
results.

Methodology for calculating the critical tension crack depth
The critical tension crack depth at the trailing edge corresponds to
the limit equilibrium state of the slope. To date, two main methods
have been developed for calculating slope stability based on the
limit equilibrium or failure state: the limit equilibrium method
(LEM) (Bishop 1955; Fredlund and Krahn 1977; Duncan 1996) and
the strength reduction method (SRM) (Zienkiewicz et al. 1975;
Griffiths and Lane 1999). These methods are built on many as-
sumptions, without consideration of the actual stress state. Ge
(2008) therefore proposed a method of slope stability analysis
called the VSM that considers both the magnitudes and directions
of the forces. The safety factor in the VSM has a clear physical
meaning, i.e., the ratio of the total resisting force to the total
driving force in the global sliding direction. Recently, the VSM
has undergone further development and has been successfully
applied for the stability analysis of slopes (Fu et al. 2017; Liu
et al. 2017; Guo et al. 2018; Guo et al. 2019).

Before the VSM can be used, it is vital to identify the
potential slip surface. To quantitatively analyze the failure
path of the locked section, we extracted all positional coordi-
nate points of the break bonds in the failure path of the
locked section and found that they can be fitted as the
equation of a circle as shown in Fig. 5, the coefficient of
determination R2 of which almost equal to 1, indicating that
the failure path of the locked section can be regarded as a

circular arc. The fitted coordinate of the center point O of the
circle is nearly (44.6, 27.7), and the fitted radius is approxi-
mately 14.9. The angles ∠OBA and ∠OCD in Fig. 4 calculated
by the fitted results are 80° and 74°, respectively (both nearly
90°), indicating that the failure path of the locked section is
approximately tangent to both the creep section and the
tension section. Therefore, in the landslides that conform to
the three-section mechanism, the potential slip surface in the
locked section can be assumed to be a circular arc that is
tangent to both the creep section and the tension section. The
potential slip surface composed of the creep section, the
locked section, and the tension section can be clearly identi-
fied to support the analyses below.

Theoretical model
The generalized model of a rockslide that conforms to the three-
section mechanism and its corresponding Cartesian coordinate
system are depicted in Fig. 6a, where point O is the origin of the
coordinates. The tension crack and the creep section are repre-
sented by the yellow line and the gray line, respectively. H repre-
sents the slope height shown in Fig. 6, xd represents the distance
between the tension crack and the edge of the slope face, and the
dip angle of the creep section and the slope angle are represented
by α and β, respectively. The coordinates of the lowest point of the
tension crack are (0, yt). The transverse coordinate xc of the slope
toe can be expressed as:

xc ¼ xd þ Hcotβ ð2Þ

Table 1 Microparameters used to simulate the rupture path of the locked section in this study

Parameter Value Parameter Value

Density (kg/m3) 2650 Parallel bond Young’s modulus (GPa) 19.6

Porosity ratio 0.1 Parallel bond tensile strength (MPa) 32

Damping coefficient 0.7 Parallel bond cohesion (MPa) 212

Particle friction coefficient 0.577 Smooth joint normal stiffness (Pa/m) 30e6

Contact Young’s modulus (GPa) 19.6 Smooth joint tangential stiffness (Pa/m) 5e6

Stiffness ratio 1.96 Smooth joint friction coefficient 0.5

Parallel bond stiffness ratio 1.96 Smooth joint tensile strength (MPa) 5

Table 2 Macroproperties in the PFC2D models and an actual slope

Items Values of the PFC2D models Values in a real slope (Huang et al. 1991)

The locked section Uniaxial compressive strength (MPa) 116.78 103.02~256.74

Poisson’s ratio 0.22 0.19~0.25

Young’s modulus (GPa) 35 32~43

Internal friction angle (°) 48.94 47~55

Cohesion (MPa) 20.31 15~25

The creep section Internal friction angle (°) 29.7 26.5~30.5

Cohesion (MPa) 0.49 0.21~0.49
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The radius r of the failure path of the locked section can be
expressed as:

r ¼ ytcosα
1−sinα

−
xcsinα
1−sinα

ð3Þ

The coordinates of the intersection point between the locked
section and the creep section are assumed to be (x1, y1), which can
be expressed as:

x1 ¼ ytcosα−xcsinα ð4Þ

y1 ¼
xcsinαcosα
1−sinα

−ytsinα ð5Þ

The topographic line corresponding to the potential sliding
body can be represented by the following function:

(a) time step = 1000   (b) time step = 3000    (c) time step = 5000    

(d) time step = 7000   (e) time step = 8000    (f) time step = 9000    

(g) time step = 10000   (h) time step = 20000    (i) time step = 30000   

Fig. 3 (a)-(i) Evolution of the fracture trajectory and the corresponding force chain states. Red represents compression, and blue represents tension

B

C

O

A

D

Failure path     

Fig. 4 Ultimate failure path of the locked section

The fitting equation:
(x-44.6)2+(y-27.7)2=14.92

x (30, 37), y (15, 26)
R2 = 0.98606

The tensile crack in the rear
The creep section in the front
Failure positional coordinate points in the locked section
The fitting curve of the failure path in the locked section

Fig. 5 Fitting analyses of the failure path in the locked section
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yo ¼
H 0≤x≤xd

H þ xdtanβ−xtanβ xd < x≤xc

8
<

:
ð6Þ

where yo represents the vertical coordinate of each point on the
line.

Each point on the failure path of the locked section corresponds
to a unique angular coordinate θ, the range of which is as follows:

θ∈ 0;π=2−α½ � ð7Þ

Therefore, the coordinates (x, y) of all points on the potential
sliding surface composed of the failure path of the locked section
and a part of the creep section can be represented by the following
function:

y ¼
yt−rsinθ 0≤x≤x1

xctanα−xtanα x1 < x≤xc

8
<

:
ð8Þ

The unit weight of the potential sliding body is γ. The cohesion
and internal friction angle of the locked section in the limit state
are denoted by cL and φL, respectively. The cohesion and internal
friction angle of the creep section in the limit state are similarly
denoted by cv and φv.

The direction of the sliding force is tangent to the potential
sliding surface. The magnitude of the sliding force in the limit state
is equal to that of the sliding resistance, which is determined by the
Mohr-Coulomb criterion (Ge 2008). Therefore, if the sliding forces
on the failure path of the locked section in the limit state are
mapped to the x and y directions (Fig. 6b), the corresponding
force magnitudes can be expressed as:

Fx
i ¼ ∫

π
2−α
0 γ yo−yð Þsin2θtanφLr þ cLr½ �sinθdθ ð9Þ

Fy
i ¼ ∫

π
2−α
0 γ yo−yð Þsin2θtanφLr þ cLr½ �cosθdθ ð10Þ

For the part of the potential sliding surface corresponding to
part of the creep section, the sliding forces in the limit state can
also be mapped to the x and y directions (Fig. 6c), and the
corresponding force magnitudes can be expressed as:

Fx
j ¼ ∫xcx1 γ yo−yð Þcosαtanφv þ cvsecα½ �cosαdx ð11Þ

Fy
j ¼ ∫xcx1 γ yo−yð Þcosαtanφv þ cvsecα½ �sinαdx ð12Þ

The intersection angle αs between the main sliding direction of
the whole potential sliding body and the positive direction of the
x-axis can be expressed as:

αs ¼ arctan
Fy
i þ Fyj

Fx
i þ Fxj

 !

ð13Þ

The antisliding force on the failure path of the locked section
consists of two components, i.e., Fa

i1 from the shear strength of the
locked section and Fa

i2 from the component of gravity along the
direction perpendicular to the sliding surface. These components
can be respectively expressed as:

Fa
i1 ¼ ∫

π
2−α
0 γ yo−yð Þsin2θtanφLr þ cLr½ �cos αs þ θ−

π
2

� �
dθ ð14Þ

Fa
i2 ¼ ∫

π
2−α
0 γ yo−yð Þsin2θsin αs þ θ−

π
2

�
�
�

�
�
�

� �
rdθ ð15Þ

The sliding force on the failure path of the locked section also
consists of two components, i.e., Fs

i1 from the component of
gravity along the direction tangent to the sliding surface and Fs

i2

x

y

o
(c)

(b)

(a)

The main sliding 
direction

Note: G represents gravity

Fig. 6 (a)–(c) Generalized rockslide model and its corresponding parameters
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from the reaction force Fin of the sliding bed, as shown in Fig. 6b.
These components can be respectively expressed as:

Fs
i1 ¼ ∫

π
2−α
0 γ yo−yð Þcosθcos αs þ θ−

π
2

� �
rsinθdθ ð16Þ

Fs
i2 ¼ ∫

π
2−α
0 γ yo−yð Þsin2θsin αs þ θ−

π
2

�
�
�

�
�
�

� �
rdθ ð17Þ

Similarly, for the part of the potential sliding surface corre-
sponding to part of the creep section, the antisliding force com-
ponents Fa

j1 and Fa
j2 and the sliding force components Fs

j1 and Fs
j2

can be respectively expressed as:

Fa
j1 ¼ ∫xcx1 γ yo−yð Þcosαtanφv þ cvsecα½ �cos αs−αð Þdx ð18Þ

Fa
j2 ¼ ∫xcx1γ yo−yð Þcosαsin αs−αð Þdx ð19Þ

Fs
j1 ¼ ∫xcx1γ yo−yð Þsinαcos αs−αð Þdx ð20Þ

Fs
j2 ¼ ∫xcx1γ yo−yð Þcosαsin αs−αð Þdxo ð21Þ

The stability coefficient Fs can thus be expressed as:

Fs ¼
Fa
i1 þ Fa

i2 þ Fa
j1 þ Faj2

Fs
i1 þ Fs

i2 þ Fs
j1 þ Fsj2

ð22Þ

The potential sliding body is in the limit equilibrium state when
Fs = 1, and the corresponding yt can be used to determine the
critical tension crack depth Hcr via the following equation:

Hcr ¼ H−yt ð23Þ

It is evident that Hcr is a function of nine independent variables:
the slope height, H; the distance between the tension crack and the
edge of the slope face, xd; the dip angle of the creep section, α; the
slope angle, β; the unit weight of the potential sliding body, γ; the
cohesion of the locked section in the limit state, cL; the internal
friction angle of the locked section in the limit state, φL; the
cohesion of the creep section in the limit state, cv; and the internal
friction angle of the creep section in the limit state, φv. Thus, this
function can be represented as follows:

Hcr ¼ f H; xd;α;β; γ; cL;φL; cv;φvð Þ ð24Þ

Optimized model
The real topographic profile of a specific potential rockslide area
(Fig. 7) can usually be captured reasonably accurately based on
measurements performed by an unmanned aerial vehicle of the

actual profile of the slope. Hence, the topographic line described
by Eq. (6) can be replaced by a more precise topographic function
yo. Similarly, the xc in the optimized model shown in Fig. 7 can be
measured directly instead of being expressed in terms of xd and β,
as shown in Eq. (2). After this optimization, Hcr is a function of the
following nine independent variables: the slope height, H; the
horizontal distance between the tension crack and the toe point,
xc; the dip angle of the creep section, α; the unit weight of the
potential sliding body, γ; the cohesion of the locked section in the
limit state, cL; the internal friction angle of the locked section in
the limit state, φL; the cohesion of the creep section in the limit
state, cv; the internal friction angle of the creep section in the limit
state, φv; and the topographic function yo. Hence, this function can
be represented as follows:

Hcr ¼ f H; xc;α; γ; cL;φL; cv;φv; y
oð Þ ð25Þ

Solution process
For a rockslide that conforms to the three-section mechanism, the
process of solving for Hcr, as shown in Fig. 8, corresponds to the
propagation of the tension crack at the trailing edge and includes
the following steps:

1) Input the relevant data for a specific rock slope as collected
from field studies and/or documented information on the
case.

2) Initialize ξ and δ, where ξ is a reduction coefficient associated
with tension crack propagation and δ is a coefficient deter-
mining the calculation accuracy. The recommended values of ξ
and δ are 10,000 and 0.0001, respectively.

3) Initialize the y-coordinate yt of the tip point of the tension
crack and then reduce the value of this parameter to reflect
tension crack propagation.

y

o

The main sliding 
direction

x

Fig. 7 Optimized model with the actual topographic profile
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4) Determine αs using Eq. (13), for which the intermediate pa-
rameters can be acquired from Eqs. (2)–(12).

5) Determine Fs using Eq. (22), for which the intermediate pa-
rameters can be acquired from Eqs. (14)–(21).

6) Output Hcr, as expressed in Eq. (23), if |Fs − 1| < δ; otherwise,
further reduce yt in accordance with step 3, and then, repeat
steps 4 and 5 until |Fs − 1| < δ.

Case study
The typical slope selected for this case study is located on the left
bank of the dam area of the Laxiwa hydropower station in Qinghai
province, China. It was identified in a feasibility study of the dam
site before the year of 1991 and was called deformation body II
(Fig. 9). A comprehensive geological engineering exploration re-
vealed that deformation body II is a potential rockslide area
conforming to the three-section mechanism (Huang et al. 1991).
The lithology of the slope is grayish white massive granite with a
medium coarse-grained texture, which can be regarded as a ho-
mogeneous rock mass. The creep section was formed by a small
fault, Hf4. This fault is exposed on the slope surface and was
successfully traced by means of two exploration adits, numbered
PD

#15 and PD
#3. The fault zone of Hf4 is composed of breccia and

purplish red fault gouge and is characterized by evident gravity
creep phenomena: complex components, a disordered structure,
argillaceous filling, and poor cementation, including fine structur-
al breccia. The microscopic characteristics of quartz particles in
Hf4 include the undulatory extinction, turbid crystals, and Tuttle
deformation lamellas. The undulatory extinction is the sign of

compressional structures. Turbid crystals and Tuttle deformation
lamellas are products of the mechanical mixtures entering crystal
defects and lattice slip surfaces during the gravity creep deforma-
tion, respectively. In addition, significant derivative deformations
exist on the two sides of Hf4, fresh, short, unfilled, and open
pinnate cracks. The rock mass above Hf4 exhibits strong loosening
and is relatively broken, whereas that below Hf4 is integrated.
Thus, only the small area near the entrance of adit PD#3 needed
support measures, while the lengths of support required in adit
PD#15 and PD#17 are 30 m and 15 m near the entrance of the
exploration, respectively. Deformation phenomena of bending and
tension cracking in the rock mass were found at the top of the
slope, resulting in a tensile collapse belt with a width of 10 m at the
position of the tension crack. The tension crack was also found in
adit PD

#17, the opening width of which was 5–10 cm, with the
obvious exhaust phenomenon indicating that the crack has pene-
trated between adit PD

#17 and the slope surface. However, the
tension crack had failed to propagate to the elevation of adit
PD

#15, indicating the existence of a locked section between the
tip of the tension crack and fault Hf4.

Critical tension crack depth
For the establishment of a Cartesian coordinate system similar to
that in Fig. 7 for deformation body II, the topographic function
can be accurately represented as shown in Eq. (26).

yo ¼

208:8þ 0:34x 0≤x≤7:6
215:64−0:56x 7:6 < x≤ 19:5

204:4275þ 0:015x 19:5 < x≤24:7
238:637−1:37x 24:7 < x≤38:5
228:242−1:1x 38:5 < x≤53:1
263:288−1:76x 53:1 < x≤60:0
493:688−5:6x 60:0 < x≤61:8
258:23−1:79x 61:8 < x≤76:3
204:82−1:09x 76:3 < x≤92:2
185:458−0:88x 92:2 < x≤110:2
253:782−1:5x 110:2 < x≤ 130:1
157:508−0:76x 130:1 < x≤168:4

164:5808−0:802x 168:4 < x≤ 191:0
248:0478−1:239x 191:0 < x≤200:3

8
>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>:

ð26Þ

The relevant physical and mechanical parameters (Huang et al.
1991) are shown in Table 3. The parameters cL and φL correspond
to the residual strength of the granite. The parameters cv and φv

correspond to the long-term strength of Hf4. Thus, Hcr can be
calculated using the methodology proposed in the previous sec-
tion. The necessary calculations were conducted in the numerical
computing environment of MATLAB (MATrix LABoratory). The
calculation program was compiled in accordance with the equa-
tions of the theoretical model given above and the process flow
diagram shown in Fig. 8. After the relevant data shown in Table 2
and Eq. (26) were input, the reduction coefficient ξ and the
accuracy coefficient δ were set to 10,000 and 0.0001, respectively.
The y-coordinate yt of the tip point of the tension crack was
initialized to 211.4 m. As shown in Fig. 8, the values of αs and Fs
were iteratively calculated after the reduction of yt (subtracting H/
ξ each time); this process was implemented by means of loop
statements in the calculation program. The range of Hcr was from

Start

Input data shown in Eq. (25):

Initialize

Determine via Eq. (13)

Determine via Eq. (22)

Output

End

Yes

No

Reduce yt

Initialize = H

Fig. 8 Process flow diagram for solving for Hcr
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111.1164 to 110.9339 m, corresponding to the Fs range of 0.9999 to
1.0001 determined by the value of δ. Therefore, the calculated
result for Hcr can be taken to be 111 m. For comparison, the value
of Hcr calculated using Eq. (1) is 94.7306 m.

To ensure the construction and operational safety of the hydro-
power station, active support measures have been applied to
deformation body II to prevent further tension crack propagation.
Thus, the precise value of Hcr cannot be known. However, the
exploration adit PD

#17 shown in Fig. 9 revealed that the critical
tension crack depth Hcr for the instability of this slope is greater
than 101 m. Thus, it is evident that the Hcr value calculated via Eq.
(25) is more reliable and accurate than the Hcr value calculated via
the empirical equation shown in Eq. (1).

Parameter sensitivity analyses
Parameter sensitivity analyses were conducted to investigate the
influence of parameter measurement error on the calculation
results. The results shown in Fig. 10 illustrate how the critical
tension crack depth changes as one geotechnical parameter is
varied. The critical tension crack depth Hcr is negatively affected
by the unit weight of the potential sliding body (γ) and the dip
angle of the creep section (α), and it is positively affected by the
other six parameters. Figure 10 shows that the value of Hcr is very
sensitive to changes in the values of the slope height (H), the dip
angle of the creep section (α), the cohesion of the locked section in
the limit state (cL), the internal friction angle of the locked section
in the limit state (φL), and the internal friction angle of the creep
section in the limit state (φv); is somewhat sensitive to changes in
the values of the unit weight of the potential sliding body (γ) and

the cohesion of the creep section in the limit state (cv); and is
relatively insensitive to the horizontal distance between the ten-
sion crack and the toe point (xc). Therefore, ensuring the accuracy
of the input parameters is critical for obtaining an exact value of
the critical tension crack depth for providing early warning of
rockslides.

Discussion
Real-time monitoring and early warning for landslides, especially
rockslides that exhibit rapid development, are difficult to achieve.
Rockslides that conform to the three-section mechanism are one
class of rockslides that exhibit sudden instability. Displacement
monitoring and early warning systems are difficult to successfully
apply for these rockslides because the deformation monitoring
curves usually show none of the characteristics of gradual varia-
tion that are used as the basis to trigger typical landslide warnings
(Yin et al. 2010; Ju et al. 2015; Macciotta et al. 2016). However, the
evolution of such rockslides must be closely associated with ten-
sion crack propagation. Thus, tension crack depth monitoring is a
potential approach for early warning. However, for this approach
to instability warning, it is vital to determine the tension crack
depth that corresponds to the critical state for slope instability.

Initially, a corresponding threshold equal to half of the slope
height was considered, in accordance with field observations. To
improve the accuracy of the critical depth estimate, the empirical
equation given in Eq. (1) was later summarized based on rockslides
conforming to the three-section mechanism (Zhang and Liu 1990)
and was recommended for predicting the instability of such
rockslides (Huang 2012). As a further development of this
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Fig. 9 Deformation body II at the Laxiwa hydropower station site in China. (a) The profile completed by Huang et al. (1991) before the hydropower construction. (b) The
picture made by Google Earth in 2010 after the hydropower completion

Table 3 Relevant parameters (Huang et al. 1991) and calculation results for the selected typical slope

H(m) xc(m) α(∘) γ(kN/m3) cL(MPa) φL(
∘) cv(MPa) φv(

∘) Hcr(m)

211.4 200.3 16.5 26.5 0.5 32 0.027 13.64 111

Note: Hcr calculated via Eq. (1) is 94.73 m and the adit exploration indicated that Hcr > 101 m
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pioneering approach, the new methodology proposed in this paper
has a clear theoretical basis and offers higher accuracy; thus, it is
significant for improving early warning capabilities for such land-
slides. In addition, the new methodology is feasible and practical
because all nine independent variables on which it relies can be
easily measured. Notably, the slope height in this paper is the
elevation difference relative to the creep section. The mechanical
parameters of the creep section in the limit state should be con-
sidered to correspond to the long-term strength, as they reflect the
previous creep, whereas the residual shear strength parameters of
the locked section correspond to the limit stability state. If the
precise topographic function yo cannot be obtained, then Hcr can
be calculated instead using Eq. (24) based on the parameters
shown in Fig. 6; this calculation is suitable for simple and rapid
assessment in geological engineering surveys.

Although the new methodology proposed in this paper repre-
sents evident progress relative to the previous approach, it is still
difficult to ensure that its results are absolutely accurate. The main
reasons are as follows: (1) to make the problem solvable, many
assumptions are adopted in the modeling and solution process
and (2) the accuracy of the calculation results strongly depends on
the accuracy of the measured parameter values. In a real rockslide
that conforms to the three-section mechanism, the rock mass in
the locked section is usually not absolutely homogeneous. The tiny
heterogeneous behavior could result in the formation of a rela-
tively rougher failure path in the locked section to increase the
stability. Additionally, the numerical and theoretical models in this

paper are both two-dimensional, neglecting the contribution of
lateral boundaries to the stability. Therefore, the homogeneity
assumption and 2D limitation may make the calculated threshold
be conservative, i.e., smaller than the actual value. In the future, we
will continue to focus on research related to the real-time moni-
toring and early warning of the actual rockslides of this type to
further optimize the proposed methodology and improve the
accuracy of the calculated critical threshold.

Conclusions
A new methodology has been proposed in this paper for calculat-
ing the critical tension crack depth at the trailing edge of a
rockslide that conforms to the three-section mechanism in order
to improve stability analyses, instability prediction, and early
warning for such rockslides. The following conclusions can be
drawn:

1. Based on a numerical simulation conducted using PFC2D, the
results of field investigations indicating that the failure path of
the locked section is a circular arc instead of a straight-line
path have been verified.

2. The critical threshold of the tension crack depth for slope
instability has been derived based on the limit equilibrium
theory, and the result shows that this threshold is not only
related to the slope height but also closely related to other
geometric and mechanical parameters of the slope including
the following: the position of the tension crack relative to the

Fig. 10 Sensitivity of the critical tension crack depth to the slope parameters in the case study
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slope face, the dip angle of the creep section, the unit weight of
the potential sliding body, the cohesion and internal friction
angle of the locked section corresponding to the residual
strength, the cohesion and internal friction angle of the creep
section corresponding to the long-term strength, and the slope
topography.

3. In a typical case study, the critical threshold of the tension
crack depth was found to be greater than 101 m through field
investigations. The result calculated using the previous empir-
ical equation is 94.7306 m, while the result calculated using the
methodology proposed in this paper is 111 m. Thus, this case
study verifies the correctness of the new methodology and
shows that it yields a more accurate result than the previous
empirical equation.
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