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Abstract

Block-flexure is the commonest mode of toppling failure and can be frequently encountered in anti-inclined rock slopes. In
this work, the failure mechanism of block—flexure toppling (BFT) was investigated using centrifugal and numerical models.
The numerical model was configured using the Universal Distinct Element Code (UDEC) and calibrated with the results of
the centrifuge test. All the simulation results, including the measured displacements, failure load, and failure surface, are
generally in line with that of experimental results. Further, the results of simulations show that, well before the appearance
of instability in the jointed rock slope, slipping failure and opening fractures had occurred in the interlayer. Moreover, all
the acting points of normal forces in steep joints are located between the bottoms and the midpoints of the columns under
consideration, in the process of toppling failure. Finally, sensitivity of joint parameters, including the connectivity rate of
discontinuous cross-joints, the thickness of the rock column joint, joint friction angle, and joint cohesion, were performed to
investigate the effects of the tensile strength of intact rock. The results indicate that joint cohesion and thickness of the rock
column greatly influence the failure load (represents safety factor of the slope). The connectivity rates of the discontinuous
cross-joints and joint friction angle were found to have significant effects on the shape and location of the basal failure plane.
This research would provide a deep understanding on the failure mechanism of BFT for relevant scholars.
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Introduction

Toppling rock slope is one of the most frequently occurring
modes of instability in open-pit, hydropower, highway, and
other engineering activities (Muller 1968; Wyllie 1980; Zhao
et al. 2015; Gu and Huang 2016; He et al. 2018), and usually
results in serious loss of life and property. Goodman and Bray
(1976) originally divided the toppling failure into three main
types: block toppling, flexural toppling, and block—flexure
toppling (BFT). The block toppling and flexural toppling
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deformation behavior and failure modes have been studied
extensively by many scholars (e.g., Goodman and Bray 1976;
Aydan et al. 1989; Adhikary et al. 1997; Liu et al. 2009; Liu
and Zhao 2013; Chen et al. 2018; Zheng et al. 2019). BFT is
characterized by block toppling of blocky columns and flex-
ural toppling of continuous columns, as shown in Fig. la-b.
However, no considerable attention has been paid to BFT as
yet. Amini et al. (2012, 2015) proposed a theoretical model
of BFT failure that was validated through tilting table experi-
ments. However, their models in tilting table experiments are
hardly to reproduce the stress states and failure behavior of
real slopes due to dimensional effect. Centrifuge modeling
is a powerful method of studying failure that occurs primar-
ily because of bodily forces (Moo-Yong et al. 2003; Lin and
Wang 2006; Hodder et al. 2010).

Numerical simulation can be capable of dealing with the
complex geometry of the targeted area, providing a unique
advantage to rapidly analyze the mechanism of toppling failure
in rock slopes (Alejano et al. 2010; Mohammadi and Taiebat
2015; Yang et al. 2018; Zheng et al. 2021). For example, the
Universal Distinct Element Code (UDEC), a commonly used
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Fig. 1 Block—flexure toppling
failure of a jointed rock slope:
a in the field; b corresponding
schematic diagram ( modified
from Goodman and Bray 1976)

simulation software for studying the instability mechanism of
such failures, has ability to capture the rotation and sliding of
blocks as well as the tensile or shear failure modes of intact
block. Additionally, the validity of this method to simulate the
toppling failure was initially verified by Barla et al. (1995).
Alejano and Alonso (2005) calculated the safety factor of rock
slopes against toppling failure using UDEC combined with the
strength reduction method. Recently, Zheng et al. (2017, 2018)
captured many aspects of flexural toppling using the strain-
softening model of UDEC. Many other numerical methods have
also been employed to study toppling failure in rock slopes,
such as the finite element method, the continuum-based dis-
crete element method, discontinuous deformation analysis, and
the distinct lattice spring model (Adhikary and Dyskin 2007;
Chen et al. 2015; Lian et al. 2017).

In this study, the failure mechanism of BFT was inves-
tigated through both centrifuge physical model tests and
UDEC simulations. First, a physical model of jointed rock
slope was prepared to pre-investigate the deformation and
failure behavior of the slope. Then, the same model was
configured in UDEC and the corresponding parameters of
numerical models are calibrated by the results of the centri-
fuge experiment. The gravity increase method was employed
in the UDEC simulation, which is similar to the loading
process in the centrifuge experiment. Many mechanisms of
BFT that cannot be revealed by a centrifuge experiment were
discovered using the numerical model. Finally, influence fac-
tor analyses were carried out to investigate the effects of
the tensile strength of intact rock, the connectivity rate of
discontinuous cross-joints, the thickness of the rock column,
joint friction angle, and joint cohesion on the BFT failure.

Fig.2 Models of block—flexure
toppling failure adopted in this
study: a physical model (the
local enlargement at the foot of
the slope is shown); b numeri-
cal model with measured points
(mm)
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Centrifuge modeling

To study the failure mechanisms of BFT, a centrifuge test
was performed with the TLJ-500 geotechnical centrifuge
equipment at Changsha University of Science and Tech-
nology in China (Zhang et al. 2020), as shown in Fig. 2a.
The real stress field in the slope prototype was simulated
by applying a high centrifugal force field to the centrifuge
model. Based on the law of similitude, the mechanical
parameters of the physical model material (such as density,
elastic modulus, and strength parameters) should be equal
to that of the real rock (Zhang et al. 2007). The artificial
material used in physical model consisted of gypsum pow-
der, fine quartz sand, iron powder, and water in a ratio of
0.34:0.05:0.46:0.15 (by weight). Moreover, extensive rock
mechanics tests were conducted to determine the specific
mechanical properties of the material. The detailed results
are listed in Table 1.

In reality, the failure process of a natural rock slope sub-
jected to BFT failure is quite complicated. Based on the pre-
vious study (Amini et al. 2015), a simplified physical model
was constructed to study the relevant failure mechanism
in Fig. 2a (Zhang et al. 2020). Two groups of orthogonal
joints pre-existed in the physical model. One group of joints
dipped into the face of the slope with a steeply angle of 78°,
forming continuous columns; while, the other was a group of
pseudo-continuous cross-joints with connectivity rates of 0.5
cut alternate columns into blocks forming blocky columns.
The slope was configured layer by layer using columns of
these two types. To characterize the shear behavior of the
weak interlayer more realistically, the sides of the columns
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Table 1 The properties of the centrifuge model and calculation param-
eters used in the UDEC models

Model parameters Value
Height of slope (mm) 347
Inclination of slope face (°) 63
Thickness of column (mm) 13
Height of blocks in blocky column (mm) 40
Inclination of cross-joint (°) 12

Unit weight (kN/m?) 24.4
Uniaxial compression (MPa) 12.69
Modulus of elasticity (GPa) 2
Poisson’s ratio 0.3
Tensile strength (MPa) 0.45-0.68 (0%)
Cohesive strength of artificial rock (MPa) 1.55 (0%
Friction angle of artificial rock (°) 41 (41%
Friction angle of interlayer (°) 18
Cobhesion of interlayer (kPa) 1

* Residual values for friction, cohesion and tension of intact rock
used in the strain-softening model of UDEC

were coated with Vaseline. The interlayer shear strength of
the columns was determined by a joint shear test, as shown
in Table 1. To record the deformation process of the slope,
the horizontal displacements were monitored at three differ-
ent points (A, B, C in Fig. 2a) at the surface using noncon-
tact laser displacement meters.

The results show that as the g-level increased, so too did
the displacements—slowly at first, and then much more rap-
idly (Fig. 5 in the “Verification with centrifuge experiment”
section gives details). When the g-level reached 18.5 g, the
slope underwent an instantaneous BFT failure with a stepped
failure surface, as shown in Fig. 3a. Moreover, several sig-
nificant V-shaped fractures can be captured clearly on the
top of the slope. This behavior is a typical feature of toppling
failure as noted by Wyllie and Mah (2004). A rotation of
blocky columns was also observed, as seen in Fig. 3a. The
rough fractures at the bottoms of continuous columns indi-
cated the occurrence of tensile failure (Fig. 3b—d). Therefore,
both blocky and flexural toppling—that is, BFT failure—
occurred in the test (Goodman and Bray 1976). According
to the deformation characteristics of the model, the failure
zone can be carved into three subzones (Fig. 4): the toppling
failure zone, which is delimited by the penetrating failure

V-shaped cracks |

Y.
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Fig. 3 Physical model, post-failure: (a) observed failure surface and cracks; (b) bottoms of toppling continuous and blocky columns; (¢) bottoms

of columns near toe of slope; (d) fractures of continuous columns
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Fig.4 Failure zones and failure
surface of rock slope subjected
to block—flexure toppling

Crack zone Deformation zone

Failure surface

Cracks

surface; the crack zone, wherein V-shaped cracks form along
the sides of columns; and the deformation zone, in which
only a slight crack and micro-fractures can be observed on
the sides of columns. The failure surface of the toppling
failure zone can be seen clearly: it initializes at the toe of the
slope and extends backward along the direction perpendicu-
lar to continuous joints, then steepens before the top of the
slope with a block height (i.e., 40 mm). The failure surfaces
of crack and deformation zones were found at the bottom of
three V-shaped cracks, surrounded by micro-fractures (i.e.,
the white lines in Fig. 3a). The failure zones and failure
surface of the post-failure model are presented in Fig. 4.

Configuration of numerical model

UDEC provides a prominent advantage for capturing the large
deformation, failure behavior, and even failure process of dis-
continuous jointed rock masses with a relatively simple con-
stitutive model and have been widely used in analysis of the
toppling failures behavior (Alejano and Alonso 2005; Zheng
et al. 2018). In the present study, to understand the failure
mechanisms of rock slopes susceptible to BFT, a series of
numerical simulations were carried out using UDEC.

In the numerical model, lateral boundaries were applied
to roller conditions, and the bottom of the model was fixed
(Fig. 2b). These boundary conditions are used widely. The
geometries of the numerical model were identical as those
of the experimental model. The model was divided into tri-
angular zones with the maximum edge length of 6 mm. The
strain-softening model was used to describe the mechani-
cal behavior of intact rocks, while coulomb slip model was
employed to simulate the slipping failures and opening frac-
tures behavior of joints.

@ Springer

The calculation parameters of the numerical model are
shown in Table 1. It should be noted that the normal and
shear stiffness of joints used for the model cannot be deter-
mined from the artificial material. Fortunately, the normal
stiffness (k,) of the joints can be calculated by the following
formula (Itasca 2011):

ey

K+ ‘-3‘(;
AZmin

k, = maxl

where K is the bulk modulus, AZ_;, is the smallest width
of an adjoining zone in the normal direction, and G is the
shear modulus.

In principle, the value of k, derived by Eq. (1) is within
the range of 500 to 1500 GPa/m based on the variation of
AZ ;.- Moreover, according to the research results of Zheng
et al. (2018) and Alzoubi et al. (2010), the ratio of shear
stiffness (k,) to normal stiffness (k,) was around 0.85. Thus,
shear stiffness can be nailed down eventually through the
aforementioned relationship. After that, the targeted values
of k, and k, were verified based on the measured displace-
ments in the experiment.

Simulation of block-flexure toppling failure
Verification with centrifuge experiment

The loading process of numerical simulation was consistent
with that of the centrifuge test, whereby the gravity load
increased gradually (the gravity increase method) with incre-
ments of 1 g. In each simulation, sufficient numerical time
steps were set to ensure an equilibrium state in the model.
Figure 5 shows the comparison between the displacements
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of three points (A, B, C in Fig. 5) calculated by the UDEC
and monitored by the centrifuge experiment, respectively.
It is found that the simulated results are consistent with the
measured data of the centrifuge experiment for the numeri-
cal cases of k, =500 GPa/m and k=425 GPa/m. It can be
observed that the displacement calculated by simulations
increased steadily with slow rate in the early portion of the
displacement—time curves, and then present a rapid increase
with the g-level approached 18 g. Therefore, the failure
load (18 g) obtained in the numerical simulation is also in
agreement with that obtained in the centrifuge experiment
(18.5 g).

The simulated results in Fig. 6 demonstrate that all the
plasticity indicators of the zone state are tensile failure
in continuous columns and that the tensile failure (rep-
resented by a pink circle) distributes in a stepped band.
Interestingly, a similar failure band with a linear failure
surface above and a basal plane below was also observed
by Chen et al. (2015) during the research of block toppling
failure, such that, the stepped basal plane (marked as a red
line) was defined below the failure band to describe the
depth and scope of the failure in this work. The results
indicate that the failure scope obtained using the UDEC
model is generally consistent with the three failure zones
obtained from centrifuge.

Figure 7 shows the toppling model with addition of 5
million timesteps after the formation of the failure surface
and its interlayer opening fractures. The opening fractures
along the cross-joint show that the overturning of blocky
columns also occurred. Thus, typical BFT failure can be
reproduced by UDEC. Further comparison of experimental
and numerical results shows that the UDEC model can
provide a deeper understanding of the centrifuge results,

clrrfacra

yielded in past (X) 0
tensile failure (0) 316

Toppling failure zone ——>

(98]
(9]
1

a

Experimental (A)
Experimental (B)
Experimental (C)
| —v—k, =500, k, =425 (A)
k,=500,k,=425(B)
" k, =500, k, = 425 (C)
| — 7k, = 1500, k= 1275 (A)
—o—k, =1500, k, = 1275 (B)
-——k, = 1500, k, = 1275 (C)

»
(=)
T

N
oY

g
o

—_
(9]

—_
(=]

Horizontal displacement (mm)

<
9

o
o

g-level

Fig.5 Effects of normal and shear stiffness on deformation pattern
(X1 GPa/m). Horizontal displacement at points A, B and C of numer-
ical simulation and experimental results

and this demonstrates that it is feasible to use UDEC to
study the failure mechanism of BFT.

Analysis of BFT failure process

Due to the limitations of measurement methods, many
significant physical features, i.e., the evolution of inter-
layer failure, particularly in the early phase, could not be
discerned directly in the centrifuge test. However, these
similar behavior characteristics formed in physical model
test can be captured easily in the numerical model.

Deformation zone

Crack zone

Numerical basal failure plane

Fig.6 Comparison of three failure zones of experimental results with the failure state obtained by numerical simulation. Also shown is the local

enlargement at the foot of the slope
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Fig.7 Model with additional
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Figure 8 shows the distribution of interlayer opening
fractures beneath different g-levels. It can be seen that the
opening fractures (in blue) began to appear at the back of
the slope at 2 g. As the g-level approached 5 g, the failure
scope of the interlayer opening nearly reached the maximum,
and with the further increase in acceleration, the interlayer
failure scope did not develop any further. This indicates that
the overturning mainly occurred in the early stage of load-
ing. Moreover, major of ultimate interlayer opening fractures
only occurred above the basal plane, along the set of joints
dipping into the slope face; some also occurred along cross-
joints near the basal failure plane.

Figure 9 presents the distribution of interlayer slipping
failure at different g-levels. A difference for interlayer slip-
ping failure (shown in red in Fig. 9) along the set of joints
dipping into slope face was that it began from the bottom of
the slope and then gradually developed to the rear edge of
slope top. As for interlayer opening fractures, as the g-level
approached 5 g, the failure scope of slipping failure reached

Fig.8 Distribution of the
interlayer opening fractures: a
g-level=2 g; b g-level =5 g; (¢)
g-level=15 g; (d) g-level=18 g

™~

Yy L \
AT L
NN \ u' L 4 \—
\%\x\‘ﬁ \"‘} == aatl B

\
>\ AT W\ 1

VAT

\\
B\

\
\ §
)

-

‘-\ \l
A\ \ | \J\‘

neganae:

A
=% \
\ T\ N \

Numerical basal failure plane

its maximum, and the failure did not develop further with the
increase in acceleration. The ultimate slipping depth of the
interlayer is deeper than that of basal failure plane.

Zheng et al. (2018) divided the deformation process of
flexural toppling failure into three stages: elastic deforma-
tion due to cohesion, development of flexural toppling fail-
ure, and formation of the total failure surface. The authors
found that these designations were largely suitable for BFT
failure; due to the low cohesion of the joints, the elastic
deformation stage was excluded. Therefore, according to
the deformation pattern (Fig. 5) and the process of inter-
layer failure (Figs. 8, 9), there are two stages of BFT failure:
development of flexural toppling failure (1-17 g, including
interlayer failure) and formation of the total failure surface
(17-18 g). Compared with the centrifuge test results, the
numerical modeling results provide deep insights into the
failure characteristics of block—flexure toppling.

The point at which the side force acts on the column is
the most important parameter in the theoretical analysis
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Fig.9 Distribution of the
interlayer slipping failure: a
g-level=2 g; b g-level =5 g; ¢
g-level=15g;d g-level=18 g
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of toppling failure; however, it is difficult to measure this
directly using the physical model. Fortunately, it could be
obtained easily in the numerical simulation using UDEC
combined with developed fish functions. Zheng et al.
(2018) used the dimensionless parameters A and y to study
the total normal force and acting point of normal forces in
steep joints. The dimensionless parameters of normal force
in a steep joint () is defined as follows:

_ P
" nyHb @

where P is the total normal-contact forces above the basal
failure plane, n is the g-level, and y is the unit weight of the
rock mass. H and b are the slope height and the thickness of
columns, respectively.
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Fig. 10 Inter-column normal forces in different failure zones during
toppling failure

The acting point of normal forces in steep joints (y) is
determined as follows:

m
2P
A
X=— (3)

where P; is the normal force of interlayer contact j, m is the
sum of interlayer contacts at a joint above the basal failure
plane, x; is the distance from contact j to the basal plane, and
h is the height of the column above the basal failure plane.
In this study, Fish functions were used to extract the mag-
nitude and action point of normal forces in steep joints above
the basal failure plane, and the results are presented in Figs. 10
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Fig. 11 Acting points of total normal forces in steep joints in different
failure zones during toppling failure
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Fig. 12 Basal failure planes
of jointed rock slope under
different tensile strengths of
intact rock: a 6,=0.75 MPa; b
6,=1MPa; c 5,=1.25 MPa; d
comparison

and 11, respectively. It can be seen from Fig. 10 that the normal
forces in steep joints below the slope surface were far greater
than those below the top of the slope. This is due to the transfer
of force from the back of slope to the foot of slope in the pro-
cess of toppling deformation. Moreover, with the increase in
g-level, A did not change significantly at first. However, when
the basal failure plane formed (i.e., the g-level approached
18 g)—which means that the energy has been released and
stress concentration alleviated—the A below the slope face
decreased.

As shown in Fig. 11, with the increase of g-level, the
value of y decreased totally; that is, the acting points were
closer to the bottom of the columns. Liu et al. (2009) pro-
posed that the bottom of a block will be subjected to greater
constraints as toppling failure occurs. In this model—
because of the existence of alternate blocky columns—as
toppling failure occurred, the normal forces at the bottom
of the columns would have been greater, due to bottom con-
straints. Moreover, during the process of BFT failure, all
the acting points of normal forces in steep joints are located
between the bottoms and midpoints of the columns under
consideration; that is, the value of x ranges from 0 to 0.5.

ot=0.75 MPa

<=1 MPa
S
m o= 1.25 MPa

Influence factor analyses

According to the above analyses of a model employing cen-
trifuge modeling and the numerical method, many factors
notably influence the failure mechanism of block—flexure
toppling, such as tensile strength of intact rock, connectiv-
ity rate of discontinuous cross-joints, joint friction angle,
joint cohesion, and the thickness of the rock column. In this
section, numerical models with different values of these
parameters were analyzed in relation to basal failure plane,
deformation mode, and failure load.

Tensile strength of intact rock

Figure 12 shows stepped basal failure planes under different
tensile strengths (marked by green, blue, and purple lines). It
can be seen that many columns underwent tensile failure and
formed basal failure planes and that the columns performed
similarly under different tensile strengths. This indicates that
the tensile strength of intact rock has no obvious association
with the location and shape of basal failure planes.

Flg..13 Fallure'load and de'for- 45 . 8- 0, 1.5 MPa (A) .
mation under different tensile = Numerical data | —m 6= 15MPa(B)
strengths of intact rock: a rela- 40 + Linear fit =) b 7
. . . =] 6,= 1.5 MPa (C) A
tionship between failure load Z6 g — 1 MPa(A)
and tensile strength of intact =935 5 !
) : . = g |---0,=1MPa(B)
rock; b horizontal displacement 2 |5}
. S Q 6,= 1 MPa (C)
at three measured points =30} Sal
) B[~ =6,=0.56 MPa (A)
% 5| S | ---06,=0.56 MPa (B) K
F-‘- % 6,= 0.56 MPa (C) K
2« ____-- ’
N I -—
20t 5 TeemT :
E e 7 <77 T — g
15 : : : : : ; 0l T . . )
0.4 0.6 0.8 1.0 1.2 1.4 1.6 0 10 20 30 40 50 60
Tensile strength of intact rock (MPa) g-level
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Figure 13a indicates that failure loads increase line-
arly with increases in tensile strength. During the loading
process, the horizontal displacement of three points, A,
B, and C, were recorded and their displacement values
were extracted at tensile strengths of 0.5, 1, and 1.5 MPa,
respectively. The failure loads of the three different ten-
sile strengths are marked by boxes in Fig. 13a; the color
of a box is the same as that of the displacement curve
as shown in Fig. 13b. The results show that, prior to the
occurrence of instability, the horizontal displacement
values of slopes under different tensile strengths are
exactly the same. This indicates that, in the early stage,
toppling deformation is not affected by tensile strength.
However, when failure loads are reached, the displace-
ment of measured points increases sharply, and instability
of the slope then occurs. Therefore, the tensile strength of
intact rock can greatly affect the stability of rock slopes
prone to BFT, but has an insignificant effect on the basal
failure plane and the deformation mode.

Connectivity rates of discontinuous
cross-joints

Connectivity rate (C,) is an index of joint development,
as shown in Fig. 14. The connectivity rate is defined as
C.=m/(m+n), where m is the length of the discontinuous
joint and n the length of the rock bridge. The greater the
connectivity rate of cross-joints, the more fragmented the
rock mass.

Figure 15 shows the simulated results of basal fail-
ure planes under cross-joints with different connectivity
rates. It is clear that all the plasticity indicators showed

Fig. 15 Basal failure planes

of models under cross-joints
with different connectivity rates
C,: aideal anti-inclined slope
without cross-joints (C,=0);

b C,=0.25; ¢ C,=0.5; d com-
parison

Or/

N
-

Fig. 14 Discontinuous joints in rock mass

tensile failure due to toppling deformation. The model in
Fig. 15a suffered from flexural toppling failure, and the
basal failure plane was relatively smooth because it was
not affected by discontinuous joints. With an increase in
the connectivity rate of discontinuous joints, the length of
the stepped basal failure plane from the toe of slope also
tends to increase. Due to the shear and tensile strengths of
discontinuous joints being very low, the block can transfer
the force to the continuous column through its rotation
and slip, which results in stress concentration in the con-
tinuous column near the discontinuous joints. Therefore,
the discontinuous cross-joints affect the shape of the basal
failure plane.

Figure 16a shows that the failure loads of the slope
decreased linearly with increases in the connectivity rates
of discontinuous joints, which means that the stability
of the jointed slope became worse. During the loading
process, the authors extracted horizontal displacement
values from the models at connectivity rates of 0, 0.25,
and 0.5. The results (see Fig. 16b) show that the effects of
the connectivity rate of discontinuous joints on the slope
deformation mode are not significant.
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Fig. 16 Failure load and

deformation under different 26
connectivity rates: a relation-
ship between failure load and 24 +
connectivity rate; b horizontal E
displacement at three measured By |
points E
g 20 -
.('_,é
=~
18
16}
L

Connectivity rate of cross joints

(@)

Joint friction angle

The results in Fig. 17 show that many columns undergo
tensile failure forming basal failure planes. It can be seen
that the location of the stepped basal failure plane becomes
shallow with the increase of friction angle of joints. For
example, when @;= 13°, the basal failure plane extends
upward along the cross-joints starting from the toe of the
slope, while when ¢;=33°, the basal failure plane extends
upward along the cross-joints above the toe of the slope.
This is because the increase of joints makes it harder for
deep interlayer slipping to emerge. Moreover, interlayer slip-
ping is a prerequisite for toppling failure. Therefore, joint
friction angle has a significant influence on the location and
shape of the basal failure plane.

Figure 18a shows that there was an almost linear relation-
ship between the friction angle of joints and the failure load
of the jointed slope, which indicates that the increase of the
joint friction angle can increase the stability of the slope.

Fig. 17 Basal failure planes

of jointed rock slope under
different joint friction angles: a
@;= 13° b g0j=23°; c ¢j=33°;
d comparison
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Figure 18b presents displacement results at the joint friction
angles of ¢;°="°13°, ¢;°=°23° and ¢;°=°33°. It shows that,
at the same g-level, slope deformation was reduced greatly
by an increase in the friction angle. Therefore, grouting con-
crete into the rock joints, an efficient way to increase joint
friction angle, can prevent large deformation of such slopes,
as noted by Lian et al. (2017).

Joint cohesion

Figure 19 shows the stepped basal failure planes of jointed
slopes under different joint cohesions. The results in Fig. 19d
show that the stepped basal failure plane extended further
with increases in joint cohesion. The reason for this is that
when joint cohesion increases, the interlayer slipping failure
becomes harder and so requires a larger load for toppling
failure to occur. In addition, the larger failure load reduces
the critical fracture height (4,,) of an inclined column in the
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deformation zone shown in Fig. 19a. The critical fracture
height can be obtained by the following equation (Aydan
and Kawamoto 1992):

bcosp + \/bzcoszﬂ + 12bsinfio, /ny

6sing @

cr

where b is the thickness of the column, f is the angle from
the cross-joint to the horizontal line, and o, is the tensile
strength of the continuous column.

The influence of joint cohesion on the basal failure plane
could be observed owing to the sufficient boundary con-
ditions of the model. By contrast, Alzoubi et al. (2010)
proposed that joint cohesion had no influence on the basal
failure plane of the slope because of the limited boundary
conditions of the model.

Figure 20a shows that failure load increased nearly quad-
ratically (i.e., steeply) with increased joint cohesion. Figure
20b shows the curves of horizontal displacement with

Fig. 19 Basal failure planes
of jointed rock slope under
different joint cohesions: a
C]: 1kPa; b C/: 10 kPa; ¢
Cj= 15 kPa; d comparison

different g-levels at different joint cohesions. The results
show that with an increase in g-level, there was a stage of
elastic deformation due to cohesion at the beginning of the
loading process. As the acceleration increased to a certain
value (at which interlayer slipping failure begins to occur),
the displacements increase gradually as a result of the
development of toppling failure. Finally, when the accel-
eration reaches the failure load (i.e., the basal failure plane
is formed), the displacements of measured points increase
suddenly. As shown in Fig. 20b—take C;°="°5 kPa as an
example—the deformation process is divided into three
stages. Moreover, with increases in joint cohesion, the stage
of elastic deformation increases significantly.

Whyllie et al. (2004) proposed the mechanisms of flexural
toppling failure that the interlayer slipping failure and bend-
ing deformation will occur first, and that the failure surface
will then begin to form. In the deformation process, joint
cohesion controls the initiation of interlayer slipping failure.

@ Springer



63 Pagel120f15

Bulletin of Engineering Geology and the Environment (2022) 81: 63

Fig.20 Failure load and 50  -.-. C=5kPa(A) - - - C=5kPa(B)
. . 45+ . J /
deformation under different = Numerical data ——C=5kPa(C) - - C=10kPa(A)

.. . . . —_~ J ]
joint cohesions: a relation- 40 T Quadratic fit E40L - --C=10kPa(B) —— C~10kPa(C)
. . [ . J J
ship between failure load and ;% -:= CFI5kPa(A) - - - C~15kPa (B)
joint cohesions, b horizontal D51 § —— C15kPa (C)
displacement at three measured K| 530 B . | Dt ;
points. E-stage, D-stage and w30t g e e JF_Slagc
F-stage refer to the stage of % 520 3
elastic deformation, develop- =25t 2
. . o
ment of toppling deformation 210
and formation of the basal 20 - =
failure plan
arture pane P 00

0O 2 4 6 8 10

Joint cohesion (kPa)

(@)

When joint cohesion is small, interlayer slipping failure will
occur under the small g-level, while when joint cohesion is
large, the deformation of toppling failure can be resisted.

The thickness of the rock column

As shown in Fig. 21, the basal failure planes of jointed slopes
are formed under different thicknesses of the rock column by
tensile failure due to low tensile strength. It can be seen from
the comparison in Fig. 21d that the thickness of the rock col-
umn had only a minor influence on basal failure planes.

Figure 22a plots that failure load increased quadratically
(i.e., steeply) with increased thickness of the rock column. For
a cantilevered continuous column, the maximum tensile stress
at the basal plane can be computed as follows (Aydan and
Kawamoto 1992):

N

x_ 05M-b N _6M
max _ YIOM Y IV E (5)

% 1 b b

Fig.21 Basal failure planes of
jointed rock slope under differ-
ent thicknesses of rock column:
ab=13mm;b b=19.5mm; ¢
b=32.5 mm; d comparison. It
should be noted that the case of
the equal thickness of columns
in one model is only considered
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where I = b*/12, M is the bending moment at the base of
the continuous column, N = wsin 6, w is the weight of con-
tinuous column above the basal plane, and 8 is the dip angle
of the continuous column.

It can be seen from Eq. (5) that when the thickness of the
column increased, the tensile stress in the column tended to
decrease, and thus it was harder to reach the tensile strength
of the column. For the blocky columns, the corresponding
slenderness ratios (defined as the ratio of the height of the
blocky column above the failure surface to block thickness;
Liu et al. 2009) decreased with increases in block thick-
nesses, which implies that toppling failure was less likely to
occur. Therefore, the thickness of the rock column has a sig-
nificant influence on the stability of jointed slopes subjected
to BFT failure. Figure 22b shows that in the deformation
process, with increases in the thickness of the rock column,
the displacements of measured points decreased significantly
due to it being more difficult for the toppling deformation
to occur.

b73 mm

¢ b=32.5mm




Bulletin of Engineering Geology and the Environment (2022) 81: 63

Page 130f 15 63

Fig.22 Failure load and 45 5r—-—- b=13 mm (A)
deformation under different - - —b=13mm (B)
thlcknc?sses pf rock colun}n: 40  w Numerical data ) A b=13 mm (C)
a relationship between failure —— Quadratic fit E7[—— b=19.5mm (A)
load and thickness of rock col- @35+ § - - = b=19.5mm (B)
umn: b horizontal displacement bt g3l b=19.5mm (C)
h d poi s I i b=32.5 mm (A)
at three measured points =30t S oo p325mm@®) |
_‘_f. 8] ST 5=32.5mm (©) |
= =
w25 g
Q
N
L 51
20 é .
15 1 1 1 1 | 0 < i e |
10 15 20 25 30 35 0 10 20 30 40 50
Thickness of continuous joint (mm) g-level
(@) (b)

Discussion

To date, several scholars have conducted studies on the posi-
tion and shape of the failure surface in flexural toppling fail-
ure. Employing a method of stability analysis based on limit
equilibrium theory, Aydan and Kawamoto (1992) proposed
the assumption that the failure surface is perpendicular to the
discontinuities. Adhikary et al. (1997) further studied flex-
ural toppling failure using centrifuge models and found that
the failure surface started from the toe of the slope and was
oriented at an angle of 12-20° upward from the normal to
the failure surface (the angle is defined as 6,). More recently,
Zheng et al. (2018) proposed that failure surfaces should be
investigated using an accurate searching method. He found
that the failure surface is usually multi-planar, a result is
similar to those observed in the centrifuge experiment and
simulations in this paper.

Fig.23 Summary of basal fail-
ure planes under different influ-
ence factors: tensile strengths
of intact rock (c,); connectivity
rates (C,); joint cohesions (Cj);
joint friction angles (¢;); thick-
nesses of rock column (b)

— — — — Basal planes under different C;
— Basal planes under different G;
Basal planes under different ¢;

Basal planes under different b

This study has investigated the location and shape of basal
failure planes of BFT failure under different influence factors.
The basal failure planes of numerical models under different
influence factors are summarized in Fig. 23. It can be seen
that the stepped basal failure planes are within 12° upward
from the normal plane of the continuous joints. It should be
noted that basal failure planes can be computed by analyz-
ing the stability of every block and every incorporation of
contiguous blocks against sliding and toppling based on limit
equilibrium method. Accordingly, the basal planes of insta-
bility of incorporation (block, clusters of blocks or the whole
column) form the failure planes. Thus, the basal failure planes
determined in this work is rigorous theoretically. However,
scanning all the possible combinations is very low-efficient
and time-consuming. Stochastic optimization method, such as
genetic algorithm or particle swarm method may provide an
excellent choice to solve this problem (Zheng et al. 2020a, b).

Basal planes under different C,

—_
-
—_

Normal plane to the continuous joints
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Conclusions

In this work, the failure mechanism of block—flexure toppling
(BFT) of rock slopes was studied using the centrifuge and
numerical (UDEC) models. The results of centrifuge experi-
ments and numerical analyses are summarized as follows:

(1) The experiments show that BFT failure of the slope
model occurs instantaneously with a stepped failure surface.
The failure zone can be divided into three subzones: the top-
pling failure zone, the crack zone, and the deformation zone.

(2) UDEC is well suited to simulating BFT failure in rock
slopes. Many aspects of such failures can be revealed by
the UDEC model, combined with the strain-softening and
coulomb slip models for intact rock and joints, respectively.

(3) Interlayer slipping failures and opening fractures
occur far before BFT failure, especially along the group of
joints dipping into the slope face. Moreover, in the process
of toppling failure, all the acting points of normal forces in
steep joints are located between the bottoms and the mid-
points of the columns under consideration; that is, the value
of x ranges from 0 to 0.5.

(4) The failure load increases linearly with increases in
tensile strength and joint friction angle with keeping the
other parameters constant, while failure load decreases lin-
early as the connectivity rate of discontinuous cross-joints
increases. Additionally, the failure load increases nearly
quadratically with augment of joint cohesion and thickness
of the rock column.

(5) The connectivity rates of the discontinuous cross-
joints and joint friction angle greatly influence the shape and
location of the basal failure plane, while those of the tensile
strength of intact rock, joint cohesion, and the thickness of
the rock column are less significant.
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