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Abstract. Rockslides are a common and devastating problem

affecting mining and other engineering activities all over the

world; consequently, there have been many studies into their

prediction and prevention. This study focused on a recent

rockslide in an open-pit mine in Liaoning Province, China.

The stability of the rock slope under excavation and rainfall

conditions was monitored using an efficient real-time mon-

itoring system. A further numerical analysis was performed

using the finite element method with Lagrangian integration

points (FEMLIP), and two forms of the normalized global

second-order work were calculated to analyze the stability of

the rock slope. In fact for the future it would be very interest-

ing to compare measurements and simulations in real time,

and not only to develop back computations after failure. The

numerical results indicate that the rock slope remained stable

during excavation, yet lost stability after subsequent rainfall.

Water infiltration, along with a major geological discontinu-

ity, degraded the strength of the weak zone and induced the

rockslide. The monitoring approach presented its robustness

and generality, and was worth being generalized. The numer-

ical approach proposed the evolution of the safety factor, the

monitoring data were compared, and the mechanism of the

rockslide was determined. It could be used as an assistant

tool for disaster prediction.

1 Introduction

Rockslides characterized by sudden occurrence, large vol-

ume, and frequently high acceleration are a hazard around

the world. The mechanisms driving this hazard are complex,

and rockslides can be influenced by a large number of fac-

tors, including topography, earthquakes, human factors, and

climatic variation (Chen et al., 2006; Wang et al., 2011; Tu et

al., 2009). Rockslides can occur suddenly and rapidly, for ex-

ample, after rock slopes undergo a series of slow and imper-

ceptible changes. For civil safety and engineering activities,

careful monitoring and accurate prediction are challenging

geological and geotechnical issues.

Not all rock slope instabilities induce catastrophic conse-

quences. Recently, a sudden rockslide in an open-pit iron

ore mine was successfully monitored on 31 October 2016.

Early warnings were received, and fatalities and economic

damage were avoided. This rockslide occurred after excava-

tion on the toe of the slope and subsequent rainfall lasting

about 21 h. The slope was reinforced and the stability was

monitored using constant resistance and large deformation

(CRLD) cables, which could support a large elongation of

2 m and provide a constant resistance for the large elonga-

tion (He, 2009; He et al., 2014). Using real-time monitoring

data, the early warning system sent urgent slide warnings,

so that all staff and equipment were evacuated in time. After

4 h, global instability occurred and a rock mass with a vol-

ume of 1.35×104 m3 slid down the slope. It should be noted

that this rockslide was the second slide in the same area, and

there was another rockslide, induced by excavation, which

occurred in 2011. It was also successfully predicted using
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the monitoring system, and the reliability of this monitoring

system for excavation-induced rockslides has been proven

(Li et al., 2018b). One of the objectives of this study is to

present the monitoring of the second rockslide in 2016, and

to discuss the adaptability of the monitoring system for rock-

slides induced by different triggering factors. Figure 1 illus-

trates the remote-sensing system for monitoring and predict-

ing landslides. The CRLD cables are usually installed in the

rock mass with an inclination of 25◦, and their fixed parts

are anchored under the weak zone. The sensing device is in-

stalled at point D1, as shown in Fig. 1a, and the monitored

data are sensed by the receiver in the Beidou satellite and

then transmitted to the indoor monitoring center. By means

of the satellite system, the monitored anchorage force can be

transmitted once every 1–2 h in real mining projects (Li et

al., 2018b).

Numerical methods are an important tool to analyze the

failure mechanisms and the instability issues of geomateri-

als. Besides the classical finite element method (FEM) and

the finite difference method (FDM), diverse new numerical

approaches have been proposed (Soga et al., 2016). Smooth

particle hydrodynamics (Cascini et al., 2014) has been used

to simulate channelized landslides of flow type; the material

point method (Soga et al., 2016; Abe et al., 2013; Marcelo

et al., 2016; Bandara et al., 2016) can describe the whole

process of landslide movement using hydromechanical cou-

pling; the discrete element method has been used to model

the instability of jointed rock slopes (Dong et al., 2015;

Huang et al., 2015); and the finite element method with La-

grangian integration points (FEMLIP; Cuomo et al., 2013)

has been developed from the particle-in-cell method (Har-

low, 1964; Moresi et al., 2002, 2003) and satisfies the two

requirements for simulating the complete evolution of land-

slides: precise tracking of internal variables and the ability

to solve large displacements (Li et al., 2016, 2018a; Prime

et al., 2013). In contrast to the material point method, the

numerical weight of material particles used in the FEMLIP

method is updated at each time step, leading to an acceptable

calculation cost, owing to the use of an implicit solver (Li et

al., 2018a). Each method has its advantages and drawbacks,

and for details, the reader can refer to the previous contribu-

tions (Soga et al., 2016; Li et al., 2018a). In this study, the

FEMLIP method was used to simulate the rockslide because

it overcame the problem of mesh distortion during the large

deformation of geomaterials and could easily take into ac-

count the normalized global second-order work as a safety

factor.

This paper is organized as follows: Sect. 2 presents the en-

gineering geological properties and the monitoring anchor-

age force corresponding to the studied rockslide. Section 3

describes our FEMLIP model of the studied rockslide. First,

the hydro-elastoplastic model is briefly presented, second,

FEMLIP modeling of the rockslide is performed, and third,

the numerical results are analyzed and compared with mon-

itoring data, and the cause of the rockslide is determined. In

Sect. 4, some conclusions and future research prospects are

discussed.

2 Engineering geological properties and real-time

monitoring data

2.1 Location of study site

The Nanfen open-pit iron mine is one of the largest iron

ore mines in Asia, with a mining history of more than

100 years. This mine is situated in the city of Nanfen, Liaon-

ing Province, China. In recent years, the local slope has

reached 552 m (elevation 142 to 694 m, and the bottom el-

evation of the mine was 160 m in 2011 (Li et al., 2018b),

owing to mining of shallow strata and an increase in min-

ing depth. From 1999 to 2016, several rockslides of different

scales were reported, due to both mining activity and rainfall.

This study focused on a rockslide on 31 October 2016, which

followed excavations on the toe of the slope and occurred af-

ter a period of rainfall. As shown in Fig. 2a, several CRLD

cables were installed within the area of an old landslide, to

reinforce the slope and monitor the anchorage force, and the

studied rockslide at elevations between 442 and 502 m (red

zone in Fig. 2a) was monitored by the CRLD cable 478-3. In

the same area, a previous rockslide occurred in 2011 at ele-

vations between 442 and 550 m (purple zone in Fig. 2a), and

it was monitored using the CRLD cable 478-3’ (green point

in Fig. 2a).

2.2 Engineering geological properties

The open-pit mine is located at the southern side of the

Heibeishan inverted anticline, composed of the Archean An-

shan Group, Proterozoic Liaohe Group, and Sinian and Qua-

ternary strata. Figure 2b shows that the rockslide occurred on

the heading wall, an inclined hard rock slope consisting of

chlorite schist and chlorite–hornblende, separated by a major

weak zone with a slope of 48◦, and a strike angle of 295◦. The

hanging wall is an anti-inclined rock slope consisting princi-

pally of migmatitic gneiss and two-mica quartz schist, with

a hardness of 13–16 and a slope of 46–48◦. The weak zone

consisted of the strongly fragmented two-mica quartz schist,

with a thickness of about 2 m and a length of about 600 m (Li

et al., 2018b). This weak zone was considered to run through

the heading wall, and controlled the stability of the slope on

the heading wall. It partially emerged after the rockslide, and

was humid and partially sandwiched with mud.

2.3 Site survey and rockslide characteristics

In order to understand the geological properties of the open-

pit mine in detail, detailed investigations were performed

along 28 exploratory lines. For each exploratory line, 140

boreholes were drilled at intervals of 50 m. The dip direc-

tion of the studied rockslide was close to the direction of ex-
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Figure 1. Remote-sensing system for monitoring and predicting landslides: (a) simplified model of the CRLD cable sliding-resistant system,

(b) remote-sensing equipment, and (c) Beidou satellite remote-sensing system for monitoring the anchorage force (Li et al., 2018b).

ploratory line 12 (see Fig. 2b); the length along the dip di-

rection was 60 m. The width along the strike line was 50 m,

and the corresponding surface was about 3000 m2. The rock-

slide was inclined and had a volume of 1.35 × 104 m3; the

maximum thickness of the sliding bodies was about 18 m.

The landslide front was situated on a bench at 442 m el-

evation, and deposits were concentrated at this level and on

the slope between the benches at 442 and 430 m elevation.

The trailing edge of the rockslide was situated on the bench

at 502 m elevation, where a sinking of 7.5 m was induced by

the rockslide, as shown in Fig. 3.

The slip surface mainly included a major geological dis-

continuity, and was smooth and significantly striated (Fig. 4).

The major geological discontinuity, which consisted of

strongly fragmented two mica-quartz schist, decreased in

strength, owing to water infiltration. After the rockslide, rock

along the slip surface was moist and the mechanical proper-

ties were observed to be significantly degraded. Throughout

the rockslide, the slide body did not completely disintegrate,

but slid as big blocks along the slip surface.

2.4 Real-time monitoring

The rock slope was under real-time monitoring by the CRLD

cables, developed in the State Key Laboratory for Geome-

chanics and Deep Underground Engineering. A cable of this

type can support large deformation (up to 2 m) while offering

constant resistance. The development of the CRLD cable not

only reinforced the anchoring ability, but also made it possi-

ble to monitor crustal stress in deep strata, and it successfully

predicted the rockslide that occurred in 2011 due to the ex-

cavation on the toe of the slope (Li et al., 2018b). As shown

in Fig. 5a, the CRLD cable is composed of a piston-like cone

body installed on a bundle of cables (6–8 cables) and a sleeve

pipe with an inner diameter slightly smaller than the diameter

of the large end of the cone; a face pallet served as the reten-

tion element. The anchored end is fixed using grout, and the

relative displacement appears between the sleeve pipe and

the cables when an axial pull load larger than the constant

resistance of the cable is exerted on the face pallet end. The

large-end diameter of the cone is slightly larger than the in-

ner diameter of the sleeve pipe, in order to produce suffi-

cient frictional resistance during the relative movement and

to avoid failure of the sleeve pipe. Figure 5b shows the con-

stant resistance and large deformation properties according

to the static pullout tests in the laboratory, and this advantage

makes monitoring and prediction possible during the occur-

rence of landslides, even if significant relative movement ap-

pears on the sliding surface. More details of the CRLD cable

and the remote monitoring system can be found in the pre-

vious contributions (He, 2009; Sun et al., 2011; He et al.,

2014).

In the old landslide area (as shown in Fig. 1), 15 anchor-

age force monitoring points and two GPS surface displace-

ment monitoring points were installed. One of the surface

displacement monitoring points was located on the bench at

478 m, within the domain of the studied rockslide, and it was

destroyed by a rockfall during the rockslide (Fig. 6). In the

hanging wall, which was stable compared with the footwall,

one GPRS relay station and one Beidou satellite relay sta-

tion were installed. These installations were completed in

August 2010 and became operational in October 2010, and

have proposed several successful predictions for rockslides

which have occurred in this zone, including the one in 2011

(Li et al., 2018b).
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Figure 2. (a) Plan graph of the Nanfen open-pit iron mine rockslide location. The red area shows the location of the studied landslide that

occurred on 31 October 2016. The purple zone shows the boundary of a rockslide that occurred in 2011. Blue circles show the current

distribution of force monitoring points, and the green one, 478-3’, indicates the CRLD cable that was employed during the rockslide in 2011.

(b) Relief map of the Nanfen mine. (c) Geological profile along exploratory line 12.

2.5 Anchorage force monitoring

From 7 September 2015, the anchorage force monitored at

point 478-3 showed a series of slow increases and three sud-

den increases, which accumulated a force increase from 270

to 600 kN until 1 September 2016, as denoted by the points

A, B, and C in Fig. 7a. Before 1 September 2016, the cumula-

tive value had not strictly reached the warning threshold pro-

posed by He (2009), and no obvious fissures were observed

according to in situ surveys; therefore, no warning was sent.
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Figure 3. Sinking observed on the top of the slope.

Figure 4. Slip surface consisting of strongly fragmented two-mica

quartz schist.

As a result of constant mining activity, the cumulative in-

crease of anchorage force reached 330 kN, and the fourth

sudden increase appeared after 1 September 2016, as denoted

by point D in Fig. 7a. Although no fissures were observed,

the first long-term warning was sent by field staff due to the

sudden increase, and the monitoring frequency was increased

to twice per hour. When the anchorage force returned to a

constant level on 1 October 2016, the cumulative force in-

crease exceeded 220 kN and a few surface fissures appeared,

and the medium-term warning was sent. Mining activities

ceased and the monitoring frequency was doubled to four

times per hour. In the following days, the curve remained

constant and no obvious fissures continued to develop; there-

fore, mining excavations restarted along the bench at 442 m

elevation on 28 October 2016. On 30 October, the anchor-

age force suddenly increased again at 04:53, and reached a

peak value of 855 kN at 17:07, during a period of rainfall.

A subsequent dive of the anchorage force was observed. The

short-term warning was sent at 08:56 on 31 October, and all

staff were urgently evacuated. At 23:52 on 31 October, the

rockslide occurred, prompting a large volume of rock to slide

downhill and pile up on the bench at 442 m elevation.

Mining activities on the toe of the rock slope explain the

first four sudden increases in monitored anchorage force.

However, the last excavation before the rockslide occurred

on 28 October 2016, and there was no obvious increase in

the curve of anchorage force (Fig. 7b), though it remained a

high level. On 30 October 2016, the last abrupt increase in

anchorage force appeared during a period of intense rainfall,

before the subsequent rockslide on 31 October 2016. Based

on the survey data, this rainfall was considered to directly

trigger this rockslide.

Figure 7c shows the monitoring anchorage force during

the excavation-induced rockslide in 2011, and similar evo-

lution, that the anchorage force quickly increases to a peak

and sharply decreases until the rockslide occurs, is observed.

Comparing Fig. 7a and b, both of the peak and the decrease

during the rockslide are on a significantly larger scale, with

values of 1678 kN and about 200 kN, respectively. The rea-

son was that the CRLD cable 478-3’ was located within the

range of the rockslide that occurred in 2011, and thus com-

pletely reflected the variation of the sliding force; the CRLD

cable 478-3 was located outside the range of the rockslide

that occurred in 2016, so the variation of the sliding force

was partially reflected. However, this does not obstruct the

successful monitoring and prediction.

The prediction of geological disasters is a complex issue,

with rainfall, earthquakes, and human activities all presenting

potential triggers. Variables such as stress, strain, and water

pressure are often used for monitoring purposes; however,

for landslides, these variables are not always predictive. An-

chorage force monitoring was chosen because it can accu-

rately reflect increasing sliding force and the degradation of

the mechanical properties of geomaterials, which in turn re-

sult in increased anchorage force and the possibility of slope

instability. In some cases, the sliding force is significantly

changing during the instability process, but the displacement

on the surface of the slope cannot yet be clearly observed

(for example, the potential sliding surface is deep). In these

cases, the monitoring system based on the anchorage force

of the CRLD cable may be a more suitable tool.

3 Numerical analysis using FEMLIP

Different instability mechanisms complicate the analysis of

rockslides, and many issues remain open to discussion. Al-

though the stability of rock slopes hinges on a large num-

ber of factors, such as the type and the history of the rock,

the size of the slope and so on, the geological discontinu-

ities, which have lower strength and more commonly devel-

oped fissures, also play an important role in the mechani-

cal behavior and the stability, especially for the geological-

discontinuity-controlled slopes (Regmi et al., 2012; Zhang et

www.nat-hazards-earth-syst-sci.net/19/153/2019/ Nat. Hazards Earth Syst. Sci., 19, 153–168, 2019
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Figure 5. (a) Structure of the CRLD cable in three-dimensional view (Li et al., 2018b). (b) Constant resistance and large deformation

exhibited by the CRLD cable of different specifications, under static loading.

al., 2016). Generally, geological discontinuities have higher

porosity and function as channel systems for water infiltra-

tion (Regmi et al., 2012). The rock slope in the study area is

characterized by a major geological discontinuity of highly

fragmented two-mica quartz schist. The two-mica quartz

schist is highly fragmented, presented as blocks and debris,

and filled with mud, and can be considered as granular mate-

rial.

We used the FEMLIP method to realize the large deforma-

tion during the rockslide. By using the FEMLIP method, the

simulated materials are discretized by an Eulerian mesh and

a series of Lagrangian material points, the control equations

are solved, and the solution is obtained in the Eulerian calcu-

lation mesh. After interpolation according to corresponding

shape functions, the internal variables (stress, strain, water

content, etc.) can be obtained for each material point. At each

time step, the position of material points is refreshed. In this

process, the material points move in line with the deforma-

tion of the studied material, but the mesh is not deformed.

The relative movement between the material points and the

mesh makes the simulation of large deformation possible (Li

et al., 2018c).

3.1 Elastoplastic model incorporating complete

hydromechanical coupling

In this study, an elastoplastic model, the PLASOL model,

was used to describe the elastoplastic behavior with plastic

hardening for the major discontinuity, according to experi-

mental data (as shown in Fig. 9). For describing the decrease

of strength on the major geological discontinuity due to wet-

ting, a Bishop-type effective stress formulation and modified

Van Genuchten water retention curves were introduced into

the PLASOL model.

3.1.1 PLASOL model

This nonassociated elastoplastic model was first used for

solving structural geology problems within the framework

Nat. Hazards Earth Syst. Sci., 19, 153–168, 2019 www.nat-hazards-earth-syst-sci.net/19/153/2019/
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Figure 6. GPS surface displacement monitoring point destroyed by

rockfall.

of finite element methods (Barnichon, 1998), and is also

appropriate for dealing with a wide range of geomateri-

als (Lignon et al., 2009; Prime et al., 2013; Prunier et al.,

2016; Li et al., 2016, 2018b). A Van Eekelen plasticity cri-

terion (Van Eekelen, 1980), which is similar to the Mohr–

Coulomb criterion but avoids geometric singularities, is used

as the plastic limit in the model. Let us invoke three effective

stress tensor invariants J1σ ′ = tr(σ ′),J2σ =
√

tr(τ 2),J3σ =
3
√

tr(τ 3), (τ = σ ′ − 1
3

tr(σ ′)I ), where σ ′is Bishop’s effective

stress, calculated as follows:

σ
′ = σ − uam+χ (ua − uw)m, (1)

where σ , ua, and uw are the total stress vector, the isotropic

air pressure, and the isotropic water pressure, respectively;

χ is Bishop’s parameter taken as a scalar in this model;

and mT = (1,1,1,0,0,0), s = ua − uw is the suction value.

For the sake of simplification, Bishop’s proposition (Bishop,

1959) was used to formulate parameter χ in this study:

χ = Sr. (2)

Considering Bishop’s effective stress, the expression of the

Van Eekelen yield criterion can be written as follows:

f = J2σ +m
(

J1σ ′ −
3c

tanϕc

)

= 0, (3)

Figure 7. Real-time monitoring curve of the anchorage force.

(a) Points A–E represent five sudden increases before the rockslide

in 2016. (b) Anchorage force during the rockslide in 2016 (partially

enlarged from panel a). (c) Monitoring anchorage force during the

rockslide in 2011 (Li et al., 2018b).
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where c is cohesion, ϕc is the mobilized friction angle un-

der triaxial compression conditions, and m is a coefficient

defined as follows:

m= a(1 + b sin(3β))n. (4)

The Lode angle β is given by cos3β =
√

6
(

J3σ

J2σ

)3
, and pa-

rameters a and b are functions of the friction angles ϕc (com-

pression path) and ϕe (extension path), as defined by

a =
rc

(1 + b)n
, b =

(

rc
re

) 1
n − 1

(

rc
re

) 1
n + 1

, (5)

where parameters rc and re are the reduced radii for triaxial

compression and extension tests, respectively, and are calcu-

lated as follows:

rc =
1

√
3

(

2 − sinϕc

3 − sinϕc

)

, re =
1

√
3

(

2sinϕe

3 + sinϕe

)

. (6)

The exponent n controls the shape of the yield surface, and

the default value is −0.299 according to the work of Van

Eekelen (1980).

In the PLASOL constitutive model, the plastic hardening

of the yield surface during loading is controlled by internal

variables (the cohesion values and friction angles), which

are functions of the Von Mises equivalent plastic strain:

ε
p
eq =

√

2
3
e

p
ij e

p
ij , (ep = εp− 1

3
tr(εp)I . Consequently, the com-

pression, extension friction angles, and cohesion formulated

in Eq. (7) vary between elastic initial values (c0, ϕe0, ϕc0)

and plastic limit values (cf,ϕef,ϕcf), depending on the equiv-

alent plastic strain ε
p
eq and the hardening parameters Bc and

Bp (Lignon et al., 2009; Prunier et al., 2009).

ϕc = ϕc0 +
(ϕcf −ϕc0)E

p
eq

Bp +Ep
eq

ϕe = ϕe0 +
(ϕef −ϕe0)E

p
eq

Bp +Ep
eq

c = c0 +
(cf − c0)E

p
eq

Bc +Ep
eq

(7)

Furthermore, the dilatation angle ψ is required to define the

nonassociated plastic law (Prunier et al., 2009; Li et al.,

2016). In total, 13 parameters are required to adequately de-

scribe the elastoplastic behavior of geomaterials: E and v are

Young’s modulus and Poisson’s coefficient, respectively; ϕc0

and ϕcf are the mobilized friction angles at elastic and plastic

limits under triaxial compression, respectively; ϕe0 and ϕef

are the mobilized friction angles at elastic and plastic lim-

its under triaxial extension, respectively; ψc and ψe are the

dilatation angles under triaxial compression and extension,

respectively; c0 and cf are the cohesion at elastic and plastic

limits, respectively; Bc and Bp are the hardening parameters;

and n is the exponent controlling yield surface shape.

3.1.2 Water retention curves

In order to determine Bishop’s parameter χ from the degree

of saturation, it is necessary to determine the relationship be-

tween suction and the degree of saturation. A large number of

water retention models have been proposed (Van Genuchten,

1980; Parlange, 1980; James et al., 1998; Feng and Fred-

lund, 1999), and the modified Van Genuchten model (Van

Genuchten, 1980; James et al., 1998) was selected to com-

plete the hydromechanical coupling in this study because the

boundary curves are simple and commonly used. The formu-

lation of this model is as follows:

Srv = Srres + (Srsat − Srres)

(

1 +
(

avs

Patm

)nv
)

1
nv

−1

, (8)

where the index v stands for d or w in the drying or wetting

processes, respectively; Srres, Srsat, and Srv are the residual,

saturated, and current degrees of saturation, respectively; and

av and nv are two parameters depending on porosity, whose

expressions can be found in Arairo et al. (2013).

3.1.3 Second-order work criterion

In this study, instead of classical plasticity criteria, the

second-order work criterion was used, and the sign of the

second-order work indicated local and global failures.

As the lower border of the bifurcation domain and the most

conservative failure criterion, the second-order work crite-

rion has been systematically investigated for evaluating the

stability and failure of geomaterials (soils and jointed rocks)

(Darve and Servant, 2004; Darve et al., 2004; Laouafa et al.,

2011; Duriez et al., 2011; Nicot and Darve, 2011). The lo-

cal second-order work and its normalized form are written as

follows:

d2w = dσ ′
ijdεij (9a)

d2wnorm =
d2wi

∥

∥dσ ′i
∥

∥

∥

∥dεi
∥

∥

= cosαi, (9b)

where d2wnorm is the normalized local second-order work

at material point i, and

∥

∥

∥dσ ′i
∥

∥

∥ and
∥

∥dεi
∥

∥ are the norms

of the stress increment and the strain increment of the ma-

terial point i, respectively. Hence, d2wnorm is equal to the

cosine of the angle α between the incremental stress and

strain vectors, and its value is thus limited between −1 and

1. If d2wnorm > 0 for all loading directions, the material is

strictly stable; if d2wnorm < 0 at least in one loading direc-

tion, the material is considered potentially unstable; and if

d2wnorm < 0 in the current loading direction, the material is

unstable, and diffuse or localized failures can occur. In or-

der to save computational time in the simulation, the local

second-order work (see Eq. 9) was only calculated for the

current loading direction.

In order to analyze the global instability for the bound-

ary value problems, an appropriate expression of normalized
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global second-order work is needed. According to the inte-

gral expression of d2w (Hill, 1958), D2W =
∫

V
dσ ′dεdV =

dQtdF , with V the volume of interest and dQ and dF the

global nodal incremental displacement and force, respec-

tively, the normalized global second-order work was firstly

proposed as follows (Khoa et al., 2006):

D2Wnorm =
D2W

‖dQ‖‖dF‖
=

dQtdF

‖dQ‖‖dF‖

=
∑(

d2wi ·ωiJi
)

(∑

ωiJi
)(∑

∥

∥dσ ′i
∥

∥

∥

∥dεi
∥

∥

) , (10)

where ωi is the numerical weight of the material point i and

Ji is the determinant of the Jacobian matrix. This expression

is convenient to compute, but it is mesh-dependent (Prunier

et al., 2009). Recently, a new expression, independent of the

number of elements, has been proposed as follows (Prunier

et al., 2016):

D2Wnorm =
D2W

∫

V
‖dσ‖‖dε‖dV

=
∑(

d2wi ·ωiJi
)

∑(

ωiJi ·
∥

∥dσ ′i
∥

∥

∥

∥dεi
∥

∥

) . (11)

Evidently, both the numerators in Eqs. (10) and (11) are iden-

tical, but the denominator in Eq. (10) is larger with finer

mesh, and that in Eq. (11) is mesh-independent. Note that

Eq. (11) needs the use of a sufficiently open numerical code,

in order to manipulate basic integration operators over the

elements or to obtain access to shape functions and mesh de-

scription.

3.2 Numerical analysis of the Nanfen rockslide

3.2.1 Geometry and boundary conditions of the

rockslide model

Geological data from the field survey and engineering geol-

ogy drilling showed that the sliding surface was principally

along the major geological discontinuity (i.e., along strongly

fragmented two-mica quartz schist). The FEMLIP model of

the rock slope was established in a calculation domain, in

which the horizontal and vertical dimensions were 120 and

80 m, respectively. The calculation domain was discretized

by 1920 meshes, and each mesh consisted of 25 material

points. The slope was composed of three materials (Fig. 8):

chlorite–hornblende stable bedrock, chlorite schist slide bod-

ies, and a two-mica quartz schist as the major geological dis-

continuity. The model dimensions were as follows: height

72 m; width 110 m; and bedrock height and width 64 and

60 m, respectively. The widths of the seven benches were 5,

5, 10, 5, 5, 5, and 30 m, respectively.

In this model, all boundaries were free slip, and the hori-

zontal displacement at the left boundary and the vertical dis-

placement at the bottom boundary were constrained. Gravity

Figure 8. Geometry of the rock slope FEMLIP model. Stable

bedrock (black layer) is chlorite–hornblende. The slide body (red)

comprises chlorite schist. The interface between the black and red

layers comprises a two-mica quartz schist functioning as the major

geological discontinuity.

increased linearly for the first 150 time steps, until a value

of 9.81 m s−2 was reached. For the sake of simplification, the

initial suction in the major geological discontinuity was as-

sumed to be homogeneously distributed. Moreover, an exca-

vation on the toe of the slope was performed at the 38th hour,

and rainfall on the top surface induced downward water infil-

tration under a constant water flux of 24 mm h−1 over 21 h.

3.2.2 Determination of physical parameters

In the model, all three materials were described by an elasto-

plastic constitutive law, and the hydromechanical coupling

was only taken into account for the chlorite schist and the

highly fragmented two-mica quartz schist. The geomechani-

cal parameters were estimated according to the triaxial com-

pression tests and geological survey. Sample of two mica-

quartz schist for the triaxial compression tests are shown in

Fig. 9a. Figure 9b and c give typical stress–strain curves un-

der a confining stress of 20 MPa, for the sample with a de-

gree of saturation of 43 % and the one in a saturated state,

respectively. The values of c0 and cf could thus be estimated.

It was necessary to reduce the strengths obtained from the

experimental data because the weak zone emerged after the

rockslide presented a high discontinuity density. According

to the empirical strength reduction method, the cohesion val-

ues used in the paper were reduced by the following equa-

tion: c = ci
n+k , where c and ci are reduced cohesion and that

of an intact rock sample, respectively; n is the discontinuity

density, which was assigned to be 30; and k is a coefficient

related to the fragmentation index with a value of 40. Consid-

ering the empirical strength reduction method and the values

recommended by in situ tests (Sun et al., 2011; Yang et al.,

2012; Li et al., 2018b), the elastoplastic parameters are sum-

marized in Table 1.
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Figure 9. Triaxial compression tests for determining the geome-

chanical parameters of the two mica-quartz schist. (a) Samples for

the experimental tests. Typical stress–strain relations under a con-

fining stress of 20 MPa are shown for (b) the samples with a degree

of saturation of 43 % and (c) the samples in a saturated state, re-

spectively.

Figure 10. Wetting test for the strongly fragmented two mica-quartz

schist sample.

The degree of saturation of the two-mica quartz schist be-

fore rainfall was 43 %. The permeability of the two-mica

quartz schist was k1 = 2 × 10−1 cm s−1 and that of the chlo-

rite schist was k2 = 1 × 10−8 cm s−1, according to a top sur-

face aperture of 1 mm and a slope surface aperture of less

than 0.025 mm; consequently, the permeabilities were con-

sidered strong and very weak, respectively (GB50487-2008).

It should be noted that decreasing strength of rocks under

rainfall conditions is generally due to the saturation effect in

the unsaturated stage and the softening effect in the saturated

stage. The latter is generally a long-duration process, and is

not the objective of this study. The former results in an in-

creasing degree of saturation and a decreasing suction; thus,

the apparent cohesion and strength are reduced according to

Eq. (12):

τ = c′ + σ ′tanϕ′ =
(

c′ +χstanϕ′) + σ̄ tanϕ′, (12)

where c′ is the effective cohesion measured from the sam-

ple on the top surface after rainfall, and c = c′ +χstanϕ′

is the apparent cohesion measured from the sample before

the rockslide. With the assumption of χ = Sr, the suction

after rainfall could be considered 0, and the initial suction

before rainfall could be obtained by the following expres-

sion: c−c′ = χs tanϕ′ = 23 kPa. The initial suction was thus

105 kPa.

According to the wetting test (Fig. 10), Srsat = 1 and

Srres = 0.27. The hydraulic parameters could be simplified as

ad = aw and nd = nw because the water infiltration could be

simplified as a monotonous wetting process. With the initial

and final degree of saturation and the suction, the parameters

could be back-calculated (Table 2).

3.2.3 Results and analysis

Figure 11 shows the suction-degree of saturation curve for

the monotonous wetting process. The segment from point A

Nat. Hazards Earth Syst. Sci., 19, 153–168, 2019 www.nat-hazards-earth-syst-sci.net/19/153/2019/



Z. Li et al.: Real-time monitoring and FEMLIP simulation of a rainfall-induced rockslide 163

Table 1. Elastoplastic parameters.

Properties E v ϕc0 = ϕe0 ϕcf = ϕef c0 cf c′
0

c′
f

ψc = ψe Bp Bc ρ

(◦) (◦) (KPa) (KPa) (KPa) (KPa) (◦) (Kg m−3)

Chlorite–hornblende 36 0.31 41 41 414 414 – – 1 0.01 0.02 2910

Chlorite schist 25 0.28 36 38 71 77.4 – – 1 0.01 0.02 1825

Two-mica quartz schist 0.8 0.26 24 27 64 69 42 46 1 0.01 0.02 1675

Table 2. Hydraulic parameters of two-mica quartz schist and chlo-

rite schist.

ad nd aw nw Srsat Srres

1.94 3.03 1.94 3.03 1 0.27

Figure 11. Relationship between suction and the degree of satu-

ration during the monotonous wetting process. The segment from

point A to point B shows the two mica-quartz schist.

to point B corresponds to the two mica-quartz schist. At point

A, the suction was 105 kPa, corresponding to a degree of sat-

uration of 43 %. At point B, the suction was 0, corresponding

to a degree of saturation of 100 %. For a detailed compari-

son of apparent cohesion and second-order work at different

positions along the slope, three material points, P1, P2, and

P3, were selected on the top surface, the middle of the slope,

and the toe of the slope, respectively (Fig. 13a). The decrease

of apparent cohesion was induced by the decrease in suction,

according to Eq. (12). Clearly, the material at point P1 under-

went an immediate decrease of apparent cohesion from 69 to

46 kPa, and points P2 and P3 showed a delay in strength re-

duction (Fig. 12) because of infiltration at different altitudes;

therefore, the homogeneous initial suction began to decrease

at different times.

Figure 13 shows the development of unstable zones un-

der excavation and water infiltration conditions, and the en-

tire rockslide process at various elapsed times. The unstable

zones correlate to the negative local second-order work cal-

Figure 12. Evolution of apparent cohesion at points P1, P2, and P3.

culated by Eq. (9a). Unstable zones first concentrate at ma-

terial points on the top and toe of the slope because of exca-

vation at the toe (Fig. 13b). Compared with Fig. 15, d2wnorm

at points P1 and P2 indicates a slight decrease, and point P3

shows a more significant decrease at 38 h, when excavation

on the toe was performed. However, this change did not in-

duce any clear instability, and all three material points re-

mained stable. During the subsequent 46 h after excavation,

values of d2wnorm remained positive and constant, and that

of point P3 progressively increased. When water infiltration

occurred on the top surface, the d2wnorm of points P1, P2,

and P3 started to decrease quickly, and became zero at 92.8,

102, and 109 h, respectively, according to Fig. 15, which sig-

nifies failures at these points. Figure 13c and d also show that

unstable zones developed quickly along the major geological

discontinuity under infiltration conditions, but few unstable

zones appeared in the upper slide bodies because of the very

low permeability (k2 = 1 × 10−8 cm s−1).

After failure, the simulated rockslide involved continuous,

large deformation (Fig. 13e–h). The shear strain band devel-

oped first along the major discontinuity, and then a horizontal

band appeared between that and the toe of the slope (Fig. 14).

The shear strain band became well developed and failure oc-

curred. Clearly, the rockslide developed owing to large de-

formation along the major discontinuity and at the toe of the

slope. Most zones of the upper chlorite schist remained stable
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Figure 13. Stable zones (red) and the development of unstable zones (blue) during the consistent evolution of the rockslide. (a) Initial

configuration after gravity initialization. (b) Unstable zones after excavation. (c) Water infiltration after 12 h. (d) Water infiltration after 25 h:

D2Wnorm = 0. (e) Slip configuration after 1 s. (f) Slip configuration after 3 s. (g) Slip configuration after 5 s. (h) Slip configuration after 7 s.

during the elastic stage, and then slipped as one mass along

the two-mica quartz schist weak zone. The simulation results

were therefore consistent with the real case.

Figure 16 illustrates the evolution of the normalized global

second-order work calculated according to Eqs. (10) and

(11), respectively, and compares them with that of the moni-

tored anchorage force. The excavation at 37 h caused a slight

decrease in D2Wnorm, correlated with the trend in d2wnorm.

However, mining activity on the toe of the slope did not in-

fluence the stability of the slope significantly, and the curve

of anchorage force only showed a slight fluctuation before

returning quickly to its previous value. The second signifi-

cant decrease of D2Wnorm was caused by water infiltration

at 84–105 h. During the rainfall,D2Wnorm decreased quickly

with failure along the major discontinuity, and became zero

at 109 h, after 4 h of rainfall. At the same time, the anchor-

age force reached a peak of 852 kN because the decreasing

apparent cohesion was not sufficient to resist the increasing

sliding force. The anchorage force then decreased to 841 kN,

corresponding to a local slide between the benches at 502 and

490 m elevation. Subsequently, the anchorage force showed

a second decrease, to a value of 825 kN, at the point of

global failure and the rockslide event. The trend of D2Wnorm

mainly correlates to that of the monitoring data, and both

prove that the 31 October 2016 rockslide was induced by

rainfall. Regarding the comparison between the two global
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Figure 14. Evolution of the shear strain band: (a) after excavation;

(b) global failure,D2Wnorm = 0; (c) slip configuration after 5 s; and

(d) slip configuration after 7 s.

Figure 15. Evolution of normalized local second-order work with

time.

second-order work equations, both of them presented two

sudden decreases during excavation and the occurrence of

rainfall, and both of them vanished at 109 h. It was evident

that their evolution was mainly similar because the numera-

tors in Eqs. (10) and (11) were identical. However, the value

of the former decreased with the finer mesh and that of the

latter varied between 1 and 0 in any case, and presented less

fluctuation. The normalized global second-order work com-

puted by Eq. (11) can theoretically be used as a safety factor

for analyzing the global stability of a boundary value prob-

lem.

4 Conclusions

In this study, we considered a recent rockslide in the Nanfen

open-pit iron ore mine that was successfully predicted using

the real-time monitoring system. The core of the monitoring

system was the CRLD cable, whose properties, the constant

resistance and large deformation, made the disaster predic-

tion possible, during the occurrence of landslides. The CRLD

cable can monitor and reflect increasing sliding force and the

degradation of the mechanical properties of geomaterials in

deep strata, despite the triggering factors, and the successful

predictions of the excavation-induced rockslide in 2011 and

the rainfall-induced rockslide in 2016 are good evidence for

this. This monitoring system has exhibited its reliability and

generality, and further generalization is thus expected.

Based on in situ surveys and monitoring data, this rock-

slide was considered to have been induced by rainfall. Min-

ing activities augmented the instability risk but were not the

direct cause of the rockslide. A numerical analysis was per-

formed using the FEMLIP method. An elastoplastic constitu-

tive model incorporating hydromechanical coupling and the

second-order work criterion was employed in order to solve

water infiltration and instability problems. The results were

carefully analyzed and compared with the monitoring data,

and several conclusions could be obtained:
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Figure 16. Evolution of monitoring anchorage force and normal-

ized global second-order work, computed according to (a) Eq. (10)

and (b) Eq. (11).

1. The evolution of second-order work indicated a good

correlation with monitoring data, both for the failure

mechanism predicted by the local values of second-

order work and failure time by its global value. Water

infiltration induced a decrease in strength of the ma-

jor geological discontinuity, and a subsequent increase

in the anchorage force to support the increasing slid-

ing force due to adjacent sliding bodies. Accordingly,

the decrease in the local and global values of second-

order work was a response to the decreasing geomate-

rial strength. Finally, water infiltration along the major

geological discontinuity prompted the rockslide.

2. Both Eqs. (10) and (11) of the normalized global

second-order work were implanted in FEMLIP code,

and the corresponding results were compared. Equa-

tion (11) resulted in a result with less fluctuation, and

its value was limited within the range 0 to 1, despite

the mesh. It can be used as a safety factor, which is

more general and more physical than the numerical di-

vergence of the calculation.

3. Differing from classical methods, such as the FDM

method, the complete evolution of the rockslide could

be simulated in a unified frame using the FEMLIP

method, which has been shown more generally as being

useful for predicting the disaster domain and evaluating

the dynamic effect on the retaining wall. The numerical

analysis is a good assistant tool for understanding the

failure mechanisms and predicting landslides.

This research suggests that subsequent mining activities

should be undertaken with more care, and geological discon-

tinuities with low strength and high permeability should be

avoided as much as possible. Geological surveys and mon-

itoring measures should also be carefully consulted. These

results have to be compared with some adequate numerical

models to fully understand both the failure mechanisms and

the critical parameter values inducing catastrophic instabil-

ity.

In addition, the instability of rock slopes usually proceeds

with the breakage of intact rock bridges. The description of

this discontinuous phenomenon using the FEMLIP method is

worth being considered. By implementing the level-set func-

tions, widely used in X-FEM, the FEMLIP method can be

extended to solve the issues of discontinuous media.
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