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ABSTRACT: The finite element method (FEM), the implicit discrete element method (DEM) and the statistical strength theory
were coupled to model the meso-macro cross-scale failure mechanism of rock masses and reveal the impact characteristics of
rockfalls influenced by rock heterogeneity. In the proposed method, the automatic transformation of rock materials from contin-
uous medium to discontinuous medium can be realized. Meanwhile, the spatial inhomogeneity of rock properties can be consid-
ered by the specific distribution function. After verifying the effectiveness, the coupled method was applied to investigate rock
failure and rockfall. The results show that it is the continuous process of stress build-up, stress shadow and stress transfer that
leads to the gradual development of cracks and the macro failure of the rocks containing fissures and holes; the horizontal
movement distance of the largest falling rock fluctuates when the nonuniform coefficient increases from 1.01 to 4, indicating
that the strong material heterogeneity will lead to the high uncertainty of fragment distribution; this distance decreases greatly
when the nonuniform coefficient researched 5 and 6 because one obvious major falling block can form, and the trajectory of the

large block is relatively regular.
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1 INTRODUCTION

Rockfall is a significant geologic hazard that poses a se-
rious threat to both life and property. Geotechnical en-
gineering is tasked with ensuring the safety and stability
of slopes. To mitigate the risk of rockfalls, qualitative
and quantitative assessments of slope stability are nec-
essary. In fact, it is essential to prevent accidents result-
ing from rock failure wherever possible. Unfortunately,
fatal rockfalls still occur.

Describing the formation, propagation, and penetra-
tion of fractures is a challenging topic due to the com-
plexity of rock media. Rocks at the micro level are ag-
gregates of mineral grains that are embedded together
through crystallization. At the meso level, rocks are ag-
gregates of mineral particles bonded together through
cement. Due to the effect of tectonic movement of the
Earth's upper crust, the coupling action of internal liquid
and gaseous substances, and long-term weathering and
erosion, rock media typically contains many holes,
dikes, micro-cracks, joints, etc. across micro, meso, and
macro levels. This complexity makes it challenging to
represent them using traditional mathematical ap-
proaches.

In this study, the finite element method (FEM), im-
plicit discrete element method (DEM) and the statistical
strength theory were coupled to model the meso- macro
cross-scale failure mechanism of rock masses and re-
veal the impact characteristics of rockfalls influenced
by material heterogeneity.

2 METHODOLOGY

2.1 Characterization of material heterogeneity

The heterogeneity of material properties is one of the
critical features of rocks that greatly impacts their de-
formation modes and failure characteristics (Manthei
2005). To model rock mass, the proposed approach em-
ploys a number of representative volume elements
(RVEs) at the mesoscopic level. The parameter values
of the RVEs are assumed to follow a specific statistical
distribution function according to the statistical strength
theory to describe the effect of mesoscopic rock hetero-
geneity on complicated macroscopic responses. Re-
searchers have widely used the Weibull distribution to
capture the distribution rules of rock mechanical param-
eters (Weibull 1951; Basu et al. 2009; Sanchidrian et al.
2014; Fu et al. 2017; Nassar et al. 2018), and it is there-
fore used in the proposed method. The Weibull distri-
bution can be expressed as follows:

fa) =" exp =™ (1)

where u represents the specific mechanical parameter of
RVEs, e.g. strength, elastic modulus, friction angle; uo
represents the mean value of the parameter p; m repre-
sents the nonuniform coefficient. For various nonuni-
form coefficients m, the probability density curves of
the mechanical parameter u are shown in Figure 1.
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Figure 1. Weibull probability densities under various nonu-

niform coefficients m

2.2 The constitutive relation

According to the statistical-damage theory, the parame-
ter values of these RVEs follow the specific statistical
distribution function. Simultaneously, at the initial stage,
the constitutive relationship of a RVE keeps linear elas-
tic. When the threshold stress is reached, the strength
criterion will be met, and the behaviour of damaged el-
ements will be strain-softening. When a RVE is sub-
jected to uniaxial load, such as uniaxial compression or
uniaxial tension, the related stress-strain correlation
could be described by the curve as shown in Figure 2.
While the constitutive relationship of RVEs is relatively
simple, the nonuniform distribution of parameters can
result in a very complex macroscopic mechanical re-
sponse of the model.

Figure 2. Constitutive relation of a RVE sufering uni-axial
compression and tension

The elastic modulus of a damaged element may con-
tinuously degenerate according to the damage intensity,
as follows:

E=(1-w)E )

where w represents the damage factor; E and Ey repre-
sent the element elastic moduli at damaged and initial
undamaged states, respectively. Note that in this study,
the RVEs and the corresponding damage are assumed
to be isotropic, which means that E, Ey and o are scalars
(Tang et al. 2002).

If a RVE is suffering the compression-shear stress
state, the Mohr-Coulomb strength criterion could be
triggered as follows:

1+sin¢g
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where f.o represents the uniaxial compressive strength;
@ represents the internal friction angle; o; and o3 repre-
sent the maximum and minimum principal stresses,
respectively.

If a RVE is suffering the tensile load, the maximum
tensile strain criterion could be satisfied as follows:

03 < fro 4)

where fjy represents the uniaxial tensile strength.

3 RESULTS

3.1 Uniaxial compression

In order to verify the performance of the proposed
method in simulating the initiation, propagation and nu-
cleation of rock cracks, a rock sample of 150 mm height
and a diameter of 75 mm was compressed under uniax-
ial compression loading. The heterogeneity of material
properties has been taken into account in model gener-
ation.

Table 1 Physical-mechanical properties of the rock specimen

Parameter Value

Density p (kg/m?) 2700
Elastic modulus E (GPa) 50
Poisson's ratio v 0.2
Nonuniform coefficient m 1.5
Cohesion ¢ (MPa) 100
Internal friction angle ¢ (°) 20

Uniaxial tensile strength fio (MPa) I 7

The physical and mechanical parameters are listed in
Table 1, and the elastic modulus, cohesion and tensile
strength were assumed to follow a Weibull distribution.
The model was divided into 8,100 elements, with the
bottom boundary fixed along the normal direction, and
the downward loading displacement-control of 0.02
mm/s. This loading rate can be considered as quasi-
static/static, and the dynamic effect can be ignored (Ha
et al. 2015; Li and Wong 2012).
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Figure 3 shows the crack initiation and propagation
processes at different compressive stages. Figure 3 (a)
shows that at the beginning of loading, due to nonuni-
form distribution of material properties, the finite ele-
ments at some weak regions were damaged firstly.
These damaged elements not only represented the po-
tential position of crack initiation, but also affected the
subsequent crack propagation process. There are two
separate cracks occurring in the sample. The longer one
is located at the lower right side; the other is shorter at
the middle right side. Additionally, there is an obvious
stress concentration at the ends of the two main cracks,
and it is the concentrated high stress that promoted the
continuous upward and downward development of the
cracks. With the evolution of cracks, the concentrated
stresses were released and transferred to the new crack
tips. This process of stress build-up, stress shadow and
stress transfer leads to the gradual growth of cracks.
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Figure 3. Rock failure process with the axial strain (&q) in-
creasing under uniaxial compression

Furthermore, with the load increasing, the two
independent cracks keep growing, and the longer crack
reaches the right boundary of the sample, as shown in
Figure 3 (b). Moreover, due to the influence of material
nonuniformity, the strength of local rock may be larger
than its surrounding rocks. This mechanism results in
the formation of the small isolated block near the
boundary at the lower right corner. Simultaneously, the
high stresses occurred in that region. This phenomenon
represents an important advantage of the developed
program with the coupled solving algorithm, i.e., the
deformable rock could be broken into fragments
without the assumptions on where and how the cracks
are initiated and propagated. Figure 3 (c) shows that
after the two main cracks nucleated, the newly formed
crack continued to develop towards the upper left
corner, and finally separated the original rectangular

specimen into two large pieces. Additionally, the
mechanical sliding between two blocks along the
interface is allowed in the developed program, and the
simulated failure mode agrees well with the other
studies (Wang et al. 2017; Tang et al. 2000).

3.2 Fracture of rock containing fissure and hole

In nature, rock mass wusually contains many
discontinuities, such as joints, fissures and holes, which
often govern the mechanical properties and failure
behaviours. Considering such defects are the potential
sources of crack creation and will affect the propagation
path and coalescence mode of cracks, they are generally
regarded as the dominant factors of rock failure. Thus,
it is essential to investigate the characteristics of crack
evolution and mechanical mechanisms of rock mass
containing flaws for preventing geological disasters.
Two kinds of flaws primarily exist, i.e., crack-like flaws
and hole-like flaws (Zhou et al. 2017). Additionally, for
rock mass containing hole-like flaws, most studies
focused on the fracturing behaviour under uniaxial
compression, whereas knowledge about shearing-
induced fractures is relatively limited (Han ef al. 2020).
However, the shear failure also commonly appears in
rock slopes.

In this section, three kinds of fissure-hole models
including fissure-square hole, fissure-elliptical hole,
and fissure-circular hole were considered. The material
elastic modulus, Poisson's ratio, cohesion, internal
friction angle, uniaxial tensile strength and nonuniform
coefficient were 30 GPa, 0.3, 30 MPa, 30°, 10 MPa, 5,
respectively. The models with the size of 0.1 m x 0.2 m
were divided into around 80,000 elements.The top of
the model was applied with a stress of 1 MPa, and the
bottom was fixed along the normal direction. The upper
half of the left side and the lower half of the right side
were loaded with a ratio of 0.005 mm/s. The simulated
results are as shown in Figure 4.

From Figures 4 (a) and (b), we can see that at the
beginning of load, four cracks generate at the left and
right corners of the squares and the tips of the side
fissures due to the high tensile stress concentrations.
However, it is worth noting that the compressive stress
concentrated areas exist near the tips of the four fissures
of the squares. Because the compression resistance of
the rock is greater than its tension resistance, no crack
occurs at these tips. While the load increases, the rocks
between the two squares are seriously damaged, leading
to the rock bridge coalescence. In addition, there are two
large blocks forming between the side fissures and the
squares.

From Figures 4 (c) and (d), it can be seen that at the
beginning of shearing, four cracks are created at the left
and right corners of the ellipses and the tips of the side
fissures where the concentrated tensile stresses are
relatively high. Simultaneously, it is clear that there are
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high tensile stresses existing at the tips of the new
cracks.
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Figure 4. Shear failure process and mode of rock containing fissure-hole with different shapes: (a), (c), (e) are minor principal
stress contours (Unit: Pa); (b), (d), (f) are elastic modulus contours (Unit: Pa)

Actually, when the concentrated tensile stresses
satisfied the strength criterion, the new cracks initiated.
At the same time, the formation of cracks resulted in the
release of the concentrated stresses. Then, the released
stresses transferred to the tips of the new cracks and
built up again. It is the process of stress build-up, stress
shadow and stress transfer that leads to the continuous
development of cracks. Later, the rock bridge coalesces
between the ellipses, and the rocks between the side
fissures and the ellipses damage seriously.

From Figures 4 (e) and (f), we can see that at the
beginning of shear load, four cracks initiate at the tips
of the fissures crossing the circles, which is different
from the fissure-square and fissure-elliptical hole
models due to the various stress distributions.
Furthermore, the cracks at the tips of the side fissures
appear later that the four cracks. With the shear
increasing, the cracks at the middle gradually propagate
and coalesce, and the rock bridges between the fissures
and circles are finally broken, promoting the macro
failure of the model.

3.3 Rockfall impact

Rockfall appears frequently along highways especially
in mountainous areas, which may cause unpredictable
loss of life and property. The related failure analysis is
important for the disaster prevention and mitigation. To
investigate the rock rockfall impact, the corresponding
models were established. The height of the slope was

140 m, and the width of the road was 15 m. Note that in
this case, a falling rock is pre-set at the top of the slope.
The elastic modulus, Poisson's ratio, density,
cohesion, internal friction angle and uniaxial tensile
strength of the unstable rock formation were 25.5 GPa,
0.25, 2600 kg/m?, 55 MPa, 27°, 40 MPa, respectively.
Besides, as mentioned above, the heterogeneity plays a
critical role in governing the nonlinear deformation and
failure pattern of rocks. To study the influence of
material heterogeneity on rockfall, six nonuniform
coefficients were considered, i.e., the nonuniform
coefficient m (>1) equalled 1.01, 2, 3, 4, 5 and 6,
respectively. The model consists of around 30,000
elements. The left side, right side and bottom were fixed
along the corresponding normal direction, and the top
was free. The simulated results are shown in Figure 5.
From Figure 5, it can be seen that the falling rock was
broken into many small pieces after hitting the upper
platform, but the degree of fragmentation is different
with the nonuniform coefficient increasing. A higher
nonuniform coefficient means a more uniform rock
media. Furthermore, as we know, the strength of the
elements are more likely to concentrate near the mean
strength, indicating that the macro strength will increase
with the growth of nonuniform coefficient. This
explains the reason why the degree of fragmentation is
influenced by the nonuniform coefficient. Then, the
road is attacked by the falling rocks. On the one hand,
the impact may cause direct damage to people and
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vehicles using the road. On the other hand, the rock
debris may block the traffic. The impact effect could

cause the strong stress redistribution, and the high
impact stress might destroy the road.

Figure 5. Rockfall with different nonuniform coefficients by major principal stress contour (Unit: Pa): (a) m = 1.01; (b) m = 2;

(c)m=3;(d)m=4;(d)m=5;(ffm=6
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Figure 6. Area and distance of the largest rock under different
nonuniform coefficients m

Figure 6 displays the area and horizontal distance to
Point A of the largest rock after the whole rockfall
impact, from which it can be seen that the area of the
largest rock rises up gradually with the nonuniform
coefficient increasing. Namely, the growth of
nonuniform coefficient leads to the macro strength
increase of the initial falling rock, therefore resulting in
the area increase of the largest rock. Meanwhile, the
horizontal movement distance of the largest rock
fluctuates when the nonuniform coefficient increases
from 1.01 to 4. However, this distance decreases greatly
when the nonuniform coefficient researched 5 and 6.
This phenomenon is because when the nonuniform

coefficient is between 1.01 and 4, the degree of
fragmentation is relatively large, and the areas of the
rock fragments are relatively even and small, increasing
the uncertainty of block distribution. Namely, the strong
material heterogeneity will lead to the high uncertainty
of fragment distribution. When the nonuniform
coefficient grows up to 5 and 6, one obvious major block
can form, and the trajectory of the large block is
relatively regular.

4 CONCLUSIONS

The following conclusions can be drawn:

(1) The developed numerical method can be used for
multiscale modelling of progressive slope failure.
Furthermore, the occurrence of cracks can be caused by
high concentrated stresses, and the formation of cracks
would result in the release of the concentrated stresses.
Then, the released stresses could transfer to the tips of
the newly formed cracks and built up again. It is the
gradual process of stress build-up, stress shadow and
stress transfer that leads to the continuous development
of cracks and the macro failure of the rocks containing
fissures and holes.

(2) For rockfall, the area of the largest rock rises up
gradually with the nonuniform coefficient m increasing.
However, the horizontal movement distance of the
largest rock fluctuates when m increases from 1.01 to 4.
Namely, the strong material heterogeneity will lead to
the high uncertainty of fragment distribution.
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Furthermore, this distance decreases greatly when the
nonuniform coefficient researches 5 and 6 because one
obvious major block can form, and the trajectory of the
large block is relatively regular.
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