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Abstract: Translational rockslides caused by toe excavation are one of the commonly seen 

geohazards in mountainous regions due to line traffic construction. Quantifying their failure 

extension length (FEL) and travel distance are of significant interest as well as huge challenges in 

landslide hazard assessment. In this paper, a simple criterion is proposed for predicting these two 

factors based on the principles of rigid body limit equilibrium and kinetic energy theorem. Further, 

the proposed criterion is validated against the field observations and numerical results with a 

practical case of the Xinjianan landslide, a medium-sized translational rockslide that occurred in 

2013 in Nanchuan District, Chongqing. The findings indicate that a tiny discrepancy can be found 

in FEL between the field observations and the proposed criteria, while this discrepancy could be 

considerable in travel distance between different methods. However, the relative discrepancies all 

fall within 20%, deemed acceptable. 

Keywords: translational rockslides; instability behavior; instability length; movement distance; 

excavation 

 

1. Introduction 

With the rapid economic development in China, infrastructure, industrial and civil buildings, as 

well as highway construction projects have been developing and extending to mountainous regions 

[1,2]. Owing to the control requirements of the line layout, excavation of some geological materials 

can sometimes be inevitable. However, these activities may cause deformations of original stable 

geological structures and further lead to their instability, posing great threats to highway 

construction and nearby buildings [3–5]. Consequently, to effectively reduce the risk of this type of 

slope failure, there is an urgent need to analyze their instability behavior. Overall, the instability 

behavior of landslides is a complex phenomenon influenced by various factors, such as geological 

structure, hydrogeology, and climate et al [6–8]. Given the abstract nature of landslide instability 

behavior, characterizing the risk of a landslide with realistic parameters provides a better tool to 

understand them, where the most significant parameters of failure extension length (FEL) and travel 

distance of the landslides are analyzed in this study. 

Among various human engineering activities, slope excavation engineering is one of the most 

commonly seen activities triggering landslides [9–11]. The slope excavation-induced landslides are 

usually characterized by translational movement, where the rock slopes are prone to slides along the 
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bedding planes of underlying strata aligned in a subparallel manner to topography [12–15]. Typical 

examples include the devastating White Deer sliding of 2011 [16], and the large horizontal bedding 

slide in Shanyang, Shaanxi in 2015 [17]. Hence, comprehensive research on the unstable behavior of 

such landslides is crucial for ensuring the safety and well-being of communities living in landslide-

prone areas. 

FEL, as a key parameter of engineering slope prevention design, can describe the instability 

behavior inside the slope [18–20]. Feng et al [25] and Deng et al [26] developed some theoretical 

formulas to calculate the FEL using a multi-layer slope model with the limit equilibrium method [21–
24]. However, their formula includes several parameters that are hard to define in field applications. 

Furthermore, their models fail to determine the travel distance, which is another essential parameter 

in describing the behavior of slope instability. Hence, this paper aims to propose a simple model for 

determining the FEL in a single rock layer and obtaining the travel distance following slope 

instability. 

Predicting the travel distance of a landslide is an exceedingly intricate problem, which is 

influenced by multiple aspects such as material properties, terrain conditions, the trajectory of 

movement, etc [27]. Thus far, there are three approaches to evaluating the travel distance of 

landslides: empirical models [28–30], theoretical models [30–32], and numerical simulation models 

[33–35]. Empirical models are the most popular which are based on the regression analysis between 

the travel distance and different geometric factors (e.g. difference in altitude, slope angle, and 

landslide volume, etc.) [36], while flow parameters or mechanical parameters of motion are not 

involved. Hence, it is a practical predictive means and many researchers have adopted this approach 

[37,38]. Notably, a reliable empirical model requires an adequate number of landslide samples. 

Regrettably, in actual excavation projects, engineers mainly focus on the steadiness, range of 

influence, or support methods of a stratified rock landslide, while paying minimal attention to its 

travel distance after instability, leading to a small number of such landslide samples. The final 

prediction model obtained from a limited number of sample data often has low precision and limited 

extensibility. 

As computer technology has seen rapid advancement in the 21st century, it is now possible to 

predict the distance of landslide motion via numerical simulation [39–41]. Nonetheless, parameter 

selection in numerical simulation is a challenging endeavor, as some parameters require extensive 

testing, resulting in a considerable amount of time being spent [42], while theoretical models are able 

to evade the aforementioned issues to a certain extent, owing to the limited number of mechanical 

parameters involved. Consequently, numerical simulation is often used to confirm the accuracy of 

the results of theoretical models. Currently, the theoretical prediction models for landslide movement 

distance predominantly focus on high-speed and long-run-out landslides [43,44] and translational 

landslides [45]. These models fail to account for the influence of excavation factors and are unsuitable 

for application to such landslides. Moreover, although Yang et al [46] considered the effect of 

excavation on the movement distance of the translational landslides, the slide weight, a key 

parameter used to calculate the travel distance, was obtained by assigned, rather than derived from 

FEL, which will amplify the error in the results. 

Considering the above-mentioned gaps, after analyzing the evolution process of this type of 

landslide, the paper proposed the theoretical model of multi-critical parameters including instability 

length and movement distance to describe the instability behavior of translational rockslides and 

validated its feasibility through examples and numerical simulation. The findings of this paper 

provide useful guidance for the prevention and prediction of these kinds of slope failures. 

2. Methodology 

The computation of the FEL stems from the rigid body limit equilibrium theory. Besides, the 

vertical accumulation range of the landslide movement is typically much larger than the horizontal 

range for translational rockslides, thus the movement distance is mainly deduced through the kinetic 

theorem and energy conservation principles. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 January 2024                   doi:10.20944/preprints202401.0748.v1

https://doi.org/10.20944/preprints202401.0748.v1


 3 

 

Based on the field investigation, the FEL and actual displacement distance of the XinJiaNan 

landslide after instability was determined and then compared with the theoretical value to verify the 

feasibility of the theoretical model. 

Dynamic modeling analysis was conducted using UDEC (Itasca Consulting Group, 2004) [47,48] 

to thoroughly inspect the effects of excavation on slope behavior. Calculations were performed to 

consider the two factors of rainfall and excavation in order to assess their impacts on the slope. 

Thereby, two types of boundary conditions are assigned to the model: excavation and excavation 

accompanied by hydrostatic pressure, and the kinematic evolution of the landslide was studied, 

validating the feasibility of the theoretical model. 

3. Instability behavior 

3.1. Evolution process 

Without the influence of external forces, slopes tend to be steady over the long-term geological 

evolution process (Figure 1a). When road construction or open-pit mining is carried out, the stresses 

located around the slope are released, allowing them to readjust to the new state of balance, resulting 

in tension fractures around the rear margin (Figure 1b). As the project continues and rainfall occurs, 

the rear margin fractures expand, forming a tension crack, while surface water flows into the 

fractures, creating fracture water pressure and infiltration forces that cause the fractures to continue 

to expand in depth (Figure 1c). With the passage of time, after the fractures have expanded and 

connected, the overall landslide sliding force is greater than the resisting force, leading to the 

instability of the entire slope (Figure 1d) [49]. 

 

Figure 1. Evolution process of bedding rockslide under excavation unloading. 

3.2. Mechanical analysis 

Using the rigid body limit equilibrium method to derive the length of slope instability, the 

energy conservation theorem is employed to calculate the distance of slope movement. 

3.2.1. Instability length 

The excavation usually leads to local instability of the slope at the foot of the leading edge and 

tension cracks created at the trailing edge, which the state can be seen as understable at this time. 

Besides, the instability length calculated in this paper refers to the distance from the farthest crack at 

the trailing edge to the top of the excavated slope at the leading edge. A calculation model for 
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instability length is developed based on a typical bedding rock slope (Figure 2a). By the limit 

equilibrium theory of rigid bodies: 

0 0 a

0

cos tan +c +
= =

sin

df f
W l lR

K
T W

 


 (1) 

Where K denotes the stability coefficient, W0 stands for the weight of the sliding mass per unit 

width and   represents the inclination angle of the rock stratum. 𝑙𝑑𝑓 and 𝑙𝑎𝑓 indicates the length of 

df and af, while c0 and φ0 denote the cohesion and internal friction angle respectively. σ represents 
the equivalent tensile strength perpendicular to the af. W0 can be obtained from the following 

equation: 

( )0 cde abf bcef= + +
T

W S S S S =
 

((2) 

Where ST represents the cross-sectional area of the sliding mass, and Scde, Sabf, and Sbcef are the 

areas of triangular cde, abf, and rectangular bcef, respectively.   are the weight of the sliding body. 

Besides, assuming 𝑙𝑒𝑓=L, establish the side length relationship 3 to 5 from the geometric relationship: 

( ) ( )
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( )
( ) ( )

( )
af 0

h sin - h cos -
= , = +

sin cos - tan - sin
df de ef

l L l l l L
 

   
 

= = +
 

 

 

 

(5) 

From equations 3-5, obtain the Scde, Sabf, and Sbcef： 

( ) ( )2

2

h sin - cos -

2 2sin

de ce
cde

l l
S

 

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( )
( )

2 2

2

h sin -
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(8) 

Substituting equations 6-8 into 2 yields: 

( ) ( ) ( ) ( ) ( ) ( )
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(9) 

substituting equations 9 into 1, and the following can be derived: 
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(11) 
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(14) 

Substituting equations 11 through 14 into 10 results in: 

0

+B D M
L

A c

−
=

−
 

 

(15) 

Getting the final instability length 𝑙𝑎𝑐: 

( )
( )0

h sin -+

sin tan -
ac ab

B D M
l L l

A c


 

−
= + = +

− 
  

(16) 

Where  is the slope excavation angle, θ represents the angle between the trailing edge crack 
and the horizontal plane. Additionally, h refers to the excavation height of the sliding mass. 

 

Figure 2. Mechanical computational model for describing instability behavior: (a) combined (b) before 

instability, (c) moving, (d) the balance of slope in the end. 

3.2.2. Runout distance 

The calculation model for slope instability to stability, divided into three stages (I~III), is 

illustrated in Figure 2b-2d. The water head heights of the trailing edge fractures in stages II and III 

are represented by h1 and h2 respectively, while the lengths of the bottom surface of the sliding mass 

along the sliding direction in the latter two stages are denoted by L1 and L2. W1 and W2 refer to the 

unit width weight of the slope in the aforementioned stages, and b0 represents the length of the 

fracture along the sliding surface prior to slope instability. H stands for the excavation height, x 

denotes the distance traveled by the sliding mass on the slope, and d is the average thickness of the 

sliding body. V0 represents the speed at which the sliding mass moves at distance x, while G denotes 

the moving distance of the sliding body on the slope in stage III. 

During intense rainfall conditions, a considerable amount of rainwater infiltrates the tension 

cracks at the trailing edge, creating hydrostatic pressure. Furthermore, water infiltration induces 

uplift pressure along the sliding surface. During landslide motion, four forces should be considered: 

self-gravity W1, anti-sliding force f1, hydrostatic pressure Pd (x), and uplift pressure Pu (x). 
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Additionally, the sliding mass decreases continually during the movement owing to the formation of 

a free face resulting from front edge excavation, and result in these forces undergo constant changes 

during stage II, which is distinct from the scenario where the impact of excavation factors is not taken 

into account. 

Assuming that the volume of water in the cracks at the rear edge of the landslide remains 

constant, and θ is nearly vertical. The water-filled cross-sectional areas s0 and s1 in the cracks during 

the I and II stages can be expressed by Equations 17 and 18, respectively: 

( ) ( )( )0 0 0

0

si

2

n 2 cosb h b
s

 − − −
=

 

 

(17) 

( ) ( )11 0 + sinxs h b = −
 

 

(18) 

When s0=s1, the relationship between h0 and h1 and the motion distance x can be expressed as 

follows: 

( )( )0 0 0

1

0

b 2 b cos
h =

b +x

h − −

 

 

(19) 

Set N= ( )( )0 0 0b 2 b cosh − − ，So ( )1 0h =N/ b +x . 

The relationship between W0, W1, and x can be expressed: 

( )0 0

1

0

W L x
W =

L

−

 

 

(20) 

The relationships among L0, L1, and L2 are established through the following equations： 

1 0

2 0

L L x

L L G

= −

= −  

 

(21) 

In the II stage, Equation 22 depicts the hydrostatic pressure Pd (x) and the uplift pressure Pu (x). 

The hydrostatic pressure Pd (x) can be divided into two forces, namely a parallel force Pd1 (x) and a 

perpendicular force Pd2 (x), as illustrated in Equation 23. Additionally, the anti-sliding force f1 is as 

shown in Equation 24: 

( ) ( )
( )2

w 1 0w 1

d x u x

h xh
= , =

2 2

L
P P

 −

 

 

(22) 

( )
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( )2 2
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h sin h cos
= , =

2 2
P P
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(23) 

( ) ( )2
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cos
cos tan

2 2

w w

o

h L x h
f W c L

  


 − −
=  − − + 
   

 

(24) 

The shear strength parameter of the sliding belt in Equation 24 should be the residual strength 

parameter. 

Assuming that the sliding mass comes to a halt at a distance of G on the slope. The kinetic energy 

of the landslide when it moves a distance x (0<x<G) is determined by two parts: the gravitational 

potential energy required to overcome resistance and the hydrostatic pressure that performs work. 

Therefore, the law of energy conservation can be applied to derive the following equation: 

2

1 0
1 ( )

2
G f pd x

m v
W W W= − +

 

 

(25) 
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In Equation 26-29, m1 represents the mass of the sliding body at a given moving distance x. WG 

denotes the work that is accomplished by the gravity of the sliding mass during this movement. 

Additionally, Wf1 represents the work that is done by the anti-sliding force, while Wpd(x) refers to the 

work that is accomplished by the hydrostatic pressure at the trailing edge. The details are as follows: 

1 1 /m W g=
 

 

(26) 

x

1
0

sin
G

W W dx=   
 

(27) 

x

f1 1
0

= fW dx  

 

(28) 

( ) ( )
x

pd x d1 x0
== PW dx  

 

(29) 

Where g represents the acceleration of gravity, by substituting Equation 20 into 27, we can obtain 

WG: 

2

0
0

0

sin
sin

2
G

W x
W W x

L


=  −

 

 

(30) 

By substituting Equations 20, 23, and 24 into 28 and 29, we obtain the following expressions for 

Wf1 and Wpd(x): 

( )
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2 2
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W
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(32) 

Substituting Equations 30 to 32 into 25 yields: 
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2 2

1 0 0 0
0 0 0 0

0 0

222
00

0 0 0 0

0 0

2

0

0

sin
sin tan / 2

2 2

sin tan cos
cos tan

2 2 2

sin tan cos
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(33) 

Order I= ( ) ( )0sin tan cos  − + − , and V0 can be expressed： 
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(34) 

When the moving distance reach G, in accordance with the principle of energy conservation: 

1 ( )f G pd x
W W W= +

 
(35) 

 Substitute x=G into Equation 35 to obtain: 
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(36) 

G can be calculated using Equation 36, with relevant parameters derived from real scenarios. 

The total displacement of a landslide comprises three components. Firstly, the horizontal distance X0 

covered by the slider during its initial movement in the air. Secondly, the horizontal displacement 

X1+... Xn of the sliding body as it collides with the ground repeatedly (assuming n collisions) until its 

normal velocity reaches 0. Lastly, there is the displacement Xn+1 generated by the block sliding on the 

ground, as depicted in Figure 3. 

 

Figure 3. Runout process of sliding body. 

Command Y=
( )2sin

d
H


−

−
 ，we can obtain： 

( ) ( )
2 22

0 1 01 1
0 0 0 0 0 1

gt mm
sin t + =Y, = cos t  = +m g

2 2 2

VV
V X V Y  ,

 
(37) 

T0, X0, and V1 can be expressed as: 

( )
1

2 2 2
0 0

0

sin +2g sinV Y V
t

g

 − 
=   
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( )
1

2 2 2
0 0 0

2

0 1 0

cos sin +2g sin

, +2g

V V Y V

X V V Y
g

 
  −  
 = =

 

(38) 

When a block collides with the ground at a velocity of V1, the incomplete elastic collision results 

in a loss of energy and a decrease in the block's velocity. To describe this phenomenon, we introduce 

the normal restitution coefficient R1n and the tangential restitution coefficient R1t. The relationship 

between the initial normal velocity V1n and tangential velocity V1t of the block prior to the collision, 

and the resulting normal velocity V2n and tangential velocity V2t of the block after the collision can be 

expressed as follows: 

2 1 1 2 1 1,
n n n t t t

V V R V V R= =
 

(39) 

V1n and V1t  can be expressed: 

1n 1 1t 1

0 0 0 0

0 0

= sin ' = cos '

sin +gt sin +gt
tan = = arctan

cos cos

V V V V

V V

V V

 

 
  
   

，

，
 

(40) 

Where '  is the angle between V1 and the horizontal plane (Figure 3): 

X1 represents the movement distance of the block between the first collision and the second 

collision, which can be expressed as following: 

2n
1 2t 1 1

2
= t t =

g

V
X V ，

 

(41) 

Further, X1 can be described as： 

1n 1t 1n 1t
1

2R R V V
X

g
=

 

(42) 

Similarly, X2 … Xn can be expressed as： 

1n 1t 1n 1t

2 2 n n

1n 1t 1n 1t

2 n

2 2
,

R R V V R R V V
X X

g g
= =…

 

(43) 

The second part of the movement distance can be calculated as following： 

( )
( )

1n 1t 1n 1t

1n 1t

2 2 n n

1n 1t 1n 1t1n 1t 1n 1t
1 2 n

n n

1n 1t 1n 1t

1n 1t

2 22
+ + +X = + + +

2 1-
=

g 1-

R R V V R R V VR R V V
X X

g g g

V V R R R R

R R

 
 

… …
 

(44) 

At the n+1 collision, the normal velocity of the block attenuates to 0, and the block slides on the 

ground at a velocity of V (n+1) t, and the associated motion equation can obtain: 

( )
( )
2

1 1

1t 1 1 11
,

2

n tn

t nn t

mV
V V R m gX+

++ = =
 

 

(45) 

The third stage movement distance Xn+1 can be expressed as： 

( )
2 2 2

1 1 1
1

2 2

n
n t t t

n

V V R
X

g g 
+

+ = =
 

 

(46) 

The final runout distance Xt of the landslide can be gained as follows： 
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( )
( )

1n 1t

2 2 n n
2 2

0 0 0 1n 1t 1n 1t
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1n 1t

cos sin +2g sin 2 1-

g 1- 2

n

t t

V V Y V V V R R R R V R
X

g R R g
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(47) 

Substituting Equation 38 and 40 into 47 yields: 

( ) ( )
( )

( )1n 1t

2 2

0 0 0

2 n n 2 2
0 1n 1t 0 1

1n 1t

cos sin +2g sin

2 +2g in 'cos ' 1- +2g cos '

g 1- 2

n

t

V V Y V
X

g

V Y s R R R R V Y R

R R g

  



   −  = +

 
  +

t

  

(48) 

Generally speaking, the velocity of landslide will undergoes an initial increase until reach 

maximum followed by a subsequent decrease. The maximum speed occurs when the anti sliding 

force equals the sliding force once again, and can be expressed: 

( )1 1d1 x
f = sinP W+ 

 

 

(49) 

49 can be written as:   

( ) ( )

( )

2

1 0 1

1 0 1

2

w 1

1

cos
cos tan

2 2

h sin
sin

2

w w

o

h L x h
W c L

W

  


 
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− 
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(50) 

Eventually available： 

( ) ( ) ( )
( )

( ) ( ) ( )( )
( )

0 0 0 0 w 0 0 0

0 0 0

2

w 0

0 0 2

0 0

cos tan sin tan
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  

   

−  −  −
−

− + −
+ − =

 

 

(51) 

Where G0 represent the movement distance of the sliding mass on the slope when the block 

speed reaches the maximum, which can be obtained by substituting the relevant parameters into 

Equation 51, and Vmax of the sliding mass on the slope can be obtained as follows: 

( )

( )
( )

( )

( )

( ) ( )( )

1

2 2 2
0 0 0 0 0 0 0

0 0

0 0
0 0 0 0 02

0 0 0 0 0 0
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0 0 0 0 0 0

2 2

0 0

0 0 0 0 0 0 0 0 0

2 sin cos tan 2 sin

tan
2

w

w w

gL G g L G G gG

L G

b G
gL N G b L In

gL c G L G b
v

W L G W L G

gN L N gN L I

W b L G W L G b S



 

 

  −  − − 
 +

− 
   + − +   −   = − − − 
 
 + −

− − + 
 
  

                                                             

  

(52) 

Moreover, given the monotonically increasing correlation between Xt and V, the ultimate 

displacement distance Xt of the landslide can be formulated as follows: 
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

   −  = +

 
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 (53) 

4. Case verification 

Taking Xinjianan landslide as an example, the feasibility of the model is verified through case 

analysis and numerical simulation. 

The landslide is located in Dongcheng Office, Nanchuan District, Chongqing. At 8:00 pm on 

December 27, 2012, a bedding slide with a volume of approximately 24.06 × 104 m3 occurred on the 

slope. The landslide exhibits a longitudinal extent of approximately 304 m, an average width of 

roughly 106 m, and a thickness ranging from 2.5 to 30.0 m. Its primary sliding direction is 

approximately 30 ° (Figures 4a, 4b). The sliding mass primarily comprises cataclastic rock mass, with 

limestone and shale composing the lithology. Besides, the slip zone is a weak interlayer containing 

shale, while the sliding bed is composed of limestone from the Feixianguan Formation of the Triassic 

System, with a rock occurrence of 30 °∠ 26 °. The leading edge of the landslide underwent excavation 

as a result of open-pit mining, reaching a height range of 9.2 to 42.6 m (Figure 4e). Specifically, the 

front edge of the 1-1 'to 3-3' profile was excavated at varying heights of 28 m, 42.6 m, and 21.7 m, 

respectively (Figure 5). Prior to the onset of slope instability, tensile cracks measuring between 0.5 

and 2.5 meters in width were observed along the rear edge (Figure 4c), northeast front edge, and 

middle of the west boundary. Following the instability event, the tensile fracture groove widened, 

with the rock mass structure appearing to be most intact along section 3-3' (Figure 4d), followed by 

section 2-2', while section 1-1' exhibited the most pronounced fracturing (Figure 4f). 

4.1. Case analysis 

Utilizing the outcomes of on-site investigations, survey reports, and records documented by on-

site patrol personnel, the calculation parameters for each section were obtained. The strength 

paramaters of the sliding zone soil was determined through indoor direct shear tests, with c0,
0 at 

13.5 kN/m2, 9.5° respectively. Considering that the excavation platform serves as a road following its 

construction, reference was made to the findings of Zhang et al. [50] (Table 1) to ascertain that R1n 

and R1t are 0.4 and 0.87, respectively. Following seven collisions, the normal velocity was only 0.16% 

of the speed before the initial collision, can take for its impact negligible. The number of collisions, n, 

was set at 7. The sliding friction coefficient was determined as 0.58, based on the results of Huang et 

al. [51], and the numerical values of other parameters are presented in Table 1. 

Table 1. Calculation parameters of each section of Xinjianan landslide. 

Profile γ (kN/m3) 
ɵ 

(°) 

β 

(°) 
h(m) b0 (m) h0 (m) L0 (m) W0 (kN/m) H (m) 

1-1’ 21.5 82 74 19.4 1.5 5.5 196.0 62975.50 28.0 

2-2’ 21.5 82 69 34.7 1.2 5.5 216.0 114972.54 42.6 

3-3’ 21.5 82 76 19.1 2.2 3.5 30.0 9323.86 21.7 
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Figure 4. Overview and basic characteristics of landslide. 

Substituting the above parameters into Eqs. 18, 54 and 55 gives the results of the FEL and 

movement distance. The outcome were then compared with the real results (Table 2). 

Table 2. Comparison between theoretical calculated and actual of landslide. 

Profile lac (m) lac’ (m) Xt (m) Xt’ (m) absolute error relative error 

1-1’ 170.5 187.2 75.22 69.5 16.7/5.72 8.9%/8.23% 

2-2’ 175.2 197.7 82.5 72.4 22.5/1.83 11.38%/13.95% 

3-3’ 20.8 25.7 27.14 25.7 4.0/0.15 19.07%/5.6% 

Where 𝑙𝑎𝑐  and 𝑙𝑎𝑐′  represent the FEL derived from theoretical calculations and on-site 

measurements, while Xt and Xt’ denote the displacement distances obtained from calculations and 

surveys. 

Based on the findings, it is evident that the FEL obtained from the calculation is smaller than the 

actual, whereas the moving distance from computing is larger. Nevertheless, the error is within 20%, 

which is deemed acceptable, proving that these methods possess some degree of practical 

applicability. 
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Figure 5. Engineering geological profile. a, b and c represent 1-1’, 2-2’ and 3-3’ respectively. 

Table 2. Comparison between theoretical calculated and actual of landslide. 

Profile lac (m) lac’ (m) Xt (m) Xt’ (m) absolute error relative error 

1-1’ 170.5 187.2 75.22 69.5 16.7/5.72 8.9%/8.23% 

2-2’ 175.2 197.7 82.5 72.4 22.5/1.83 11.38%/13.95% 

3-3’ 20.8 25.7 27.14 25.7 4.0/0.15 19.07%/5.6% 

4.2. Numerical simulation analysis 

Two types of environmental scenarios were therefore considered: 1) excavation, 2) excavation + 

hydrostatic pressure. 

4.2.1. Model implementation and parameter determination 

A two-dimensional model (Figure 6) is developed considering a vertical cross-section (Profile 1 

in Figure 4a) oriented SW-NE that is perpendicular to the topographic surface. This cross-section 

extends from the slope crest (770 m) to the slope base (659 m). The slide material, as stated above in 

Section 4.1, is composed mainly of rubble, represented by blocks in the model, and silty clay, which 

is treated as the joint between these rock blocks that bonds them together (Figure 4a). Field 

investigations revealed that the slope base is dominated by layered bedrocks. The model is 

constrained by displacement-type boundary conditions: no bottom vertical displacement and no 
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horizontal displacement at the left side are permitted. In this case, rigid blocks are assumed whereas 

the joints are assumed to behave according to an elastoplastic law with the Mohr-Coulomb failure 

criterion. Besides, since the sliding mass consists of cataclastic rock, which shape is inherently 

uncertain, and can be delineated using Voronoi.  

To accurately reconstruct the damage behavior using inversion, the primary parameters and 

boundary conditions are established as follows:  

1. The strength parameters of both the slip zone and slip body are initially set to their peak 

strength until tension cracks emerge at the trailing edge. Subsequently, the strength parameters of 

the slip zone and slip body are set to their residual strength.  

2. Once tension cracks appear at the trailing edge of the slip body, hydrostatic pressure is applied 

along the rupture surface of both the trailing edge and substrate. 

The materia properties of landslide are shown in Table 3, and the mechanical characteristics of 

the matrix and joints properties assigned to the joint network are listed in Table 4. These parameters 

were initially acquired from in indoor experiments and relevant literature [52–54]. Afterward, via 

inverse analysis until appropriate parameters are obtained to predict the possible kinematic evolution 

of the landslide in different cases. 

Table 3. The materia properties of landslide. 

Stage Position γ (kN/m3) B (Pa) S (Pa) c (kPa) φ (°) T(Mpa) 

Excavation 

1 21.5 7.2×109 5.5×109 26.3 24.4 1.5 

2 19.5 3.8×108 2.1×108 19.5 21.5 0.35 

3 25.5 8.9×1011 6.9×1011 95 50 120 

Hydrostatic 

pressure 

1 20.6 2.1×109 1.5×109 20.6 13.8 0.8 

2 18.6 8.6×107 7.6×107 13.5 9.5 0.2 

3 24.8 8.9×1011 6.9×1011 95 50 120 

1~3 represent the sliding body, zone, and bed respectively. B: bulk modulus, S: shear modulus, T: tensile 

strength. 

Table 4. Properties of rock matrix and joints. 

Stage Position Jkn (GPa/m) Jks (GPa/m) Jc (kpa) Jt (Mpa) Jf (°) 

Excavation 1 12.0 4.0 24.5 0.8 23.2 

Hydrostatic pressure 1 10.0 2.5 19.8 0.4 12.5 

Jkn/Jks: joint normal/shear stiffness; Jc: joint cohesion; Jt: joint tensile strength; Jf: joint friction. 

 

Figure 6. Schematic slope geometry used in the numerical study. 

4.2.2. Result of numerical tests 
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Considering the excavation conditions alone, partial slope damage occurs primarily at the front 

edge, resulting in block stones rolling off up to a distance of approximately 18m (Figure 7a). Besides, 

tension cracks appear at the rear edge, with the maximum distance of approximately 182 m from the 

front edge (Figure 7b). However, because of cracks at the trailing edge, once encounter continuous 

rainfall, will lead to a rapid decrease in the strength parameters of the sliding mass and sliding zone. 

In this scenario, hydraulic conditions and parameter weakening should be considered. Therefore, 

hydrostatic pressure was applied along the trailing edge cracks and weak layers of the landslide then, 

and the parameters were set as residual strength parameters. The final results are shown in Figures 

7c and 7d. The outcome is an overall slope failure with a maximum movement distance of 

approximately 66.5m (Figure 7c, 7d), which is in good agreement with the theoretical model 

conclusion. 

 

Figure 7. Slope deformation under the influence of excavation and hydrostatic pressure. (a, b) slope 

deformation under excavation conditions, (c, d) slope deformation combined excavation and 

hydrostatic pressure. 

5. Discussion 

The theoretical framework presented in this paper primarily pertains to sliding-tensile 

translational rockslides belongs to overall destruction, typically characterized by inclination angles 

ranging from 20 to 30°. However, given the variability of landslide parameters and intricate internal 

dynamics, it is inadvisable to rely solely on this model for determining instability length and 

movement distance during slope design. Instead, integrating the theoretical calculations with 

numerical simulations can yield more robust outcomes.  

6. Conclusion 

The paper presents an analysis of the instability behavior of translational rockslide under 

excavation conditions, focusing on two critical parameters: slope instability length and post-damage 

movement distance. A theoretical model for these parameters is proposed based on the principles of 

limit equilibrium of rigid bodies and conservation of momentum. The feasibility of this model is 

demonstrated through example verification and numerical simulations. 

Under excavation conditions, the translational rock slope typically induces localized damage at 

the leading edge and tension cracks at the trailing edge. Subsequent rainfall is the primary factor 

contributing to the overall damage of these slopes, which is consistent with the findings of numerical 

simulations. 

The theoretical model presented in this paper exhibits certain discrepancies with the actual 

system, which is mainly attributed to the uncertainties in strength parameters and the deviations in 

geometric parameter estimations. Specifically, the calculated instability length is smaller than the 

actual value, while the movement distance is larger. Therefore, it is recommended to integrate the 

theoretical model with numerical simulations to determine these two critical parameters in slope 

engineering design and risk assessment. 
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