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Abstract: The phenomena of rock mass slope with multi-weak interlayer can be found in real engineering
frequently. It is worthy to study the influence of multi-weak interlayer on failure of rock mass slope. Based on
the shear strength reduction finite element method, stability and failure surface of rock mass slope with different
parameters had been studied, the failure mechanism of rock mass slope containing multi-weal interlayer has
been analyzed. Tt can be found that the stability of consequent rock slope decreased first and increased later
with mcreasing of rock stratum inclination which got its mimmal value at 30° of rock stratum inclination. The
stability of anti-dip rock slope fluctuated with mcreasing of rock stratum melmation which got its maximal value
at 135° of rock stratum inclination. Whether consequent rock slope or anti-dip rock slope, the stability of slope
decreased with angle of slope increased. Although, the stability of rock slope reduced or weakened by
multi-weak interlayer, the failure and stability 1s controlled by parameters of rock mass mostly.
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INTRODUCTION

In the road engineering, railway engineering, mining
engineering and hydraulic engineering, it can be found
rock mass slope with multi-weak interlayer frequently
which mfluenced and controlled the failure and
stability of engineering construction (Wang ef af., 1995,
Huang and Xu, 2008).

Such as at June 5, 2009, more than 700x10° m’ rock
and soil slipped at Jiweishan rockslide in Wulong,
Chongqing which made 74 people died (Yin, 2010), as
showed in Fig. 1. According to the geologic investigation
later, the rock of Tiweishan is a typical monoclinal
structure, the rock stratum melination 1s 20~35°, towards
north- northwest. There are carbon and bituminite shale
bands continuous distributed in limestone which acting
as the multi-weak interlayer of slope and is the latent
failure surface of rock mass slope (Xu et al., 2009).

At September, 5, 2004, a big landslide more than
2500=10" m” slipped induced by rainstorm at Tiantai
village of Xuanhan, Sichuang which destroyed
2983 buwldings and 1097 acres farm field, more than
1255 people were it by the natural adversity. The
landslide belongs to consequent rock slope which slide
swface composited with sandstone, with rock stratum
mchnation of 5~7°, as showed in Fig. 2 (Yin, 2008).

Fho

B8 After failure

Fig. 1(a-b): Jiweishan landslide in Wulong, Chongging
(a) Before failure and (b) After failure
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At southwestern high mountain canyon of China,
some anti-dip rock slope could also be destroyed as
bending, overturning and slipping. Such at river beach of
Jinping, middle course of Yalongjiang, Sichuang, there 1s
large-scale bending deformation happened along more
than 10 km river embankment, as showed in Fig. 2 and 3
big landslides developed at each left and right bank
(Huang, 2007, Chongqing 136 Geological Mineral
Resource Co. Litd., 2008 ).

In a certain degree, the rigid limiting ecquilibrium
method and similar experiments could be used to study
stability of layered slope. Based on elastic plane theory,
Liu and Zhou (2002) had studied failure mechanism of
consequent rock slope with small rock stratum inclination.

Fig. 2: Interbedded sandstone and mudstone at the base

Zhu et al. (2004) got the theoretical formula of buckling
failure curve of rock mass with special mathematic
functions and the position and length of the failure
surface of consequent rock slope had been studied.
Chen et al. (2007) established a geomechanical model
based on the analysis of engineering geology and theory
of similarity and studied on distortion and breakage
mechanism of inverve-dip layered slops rock mass
(Luetal, 2006, Chen et al., 2007). Based on experiment of
basal contact friction with physical simulation methods,
Feng et al. (2004) studied the deformation of different
phases and the final failure mechamsm of low-angle
bedded high slope, whether trends outside or inside.

With the development of cheaper personal computer,
Fmite Element Method (FEM) has been increasingly used
in slope stability analysis. Many researchers” work has
showed that the finite element method with shear strength
reduction technique is a reliable and robust approach to
evaluate slope stability. Comparing to the limiting
equilibrium method, there 1s no factitious assumption in
shear strength reduction FEM, the failure surface and
safety factor could be searched automatically with FEM
and the process of failure occurred and plastic zone
developed could also be demoed with FEM. Therefore,
the application of FEM in slope stability analysis has
been rapidly developed recently (Matsui and San, 1992,
Ugai and Leshchmsky, 1995, Dawson ef al, 1999,
Griffiths and Lane, 1999; Luan ef al., 2003).

Based on shear strength reduction FEM, the stability
and failure surface of layered rock mass slope with
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structural surface and parameters of rock had been
studied in this article, the failure mechanism of rock mass
slope contaiming multi-weak mterlayer has been analyzed.

FEM MODEL OF CALCULATION

Now a typical model of layered rock mass slope is to
be analyzed, the slope angle marked as P(.), the rock
stratum inclination marked as 0(.), the distance of
structural surface marked as h (m), as showed in Fig. 4.
Rock mass and weak mterlayer were simulated with solid
element with different parameters. This problem can be
treated as plane strain model, both rock mass and weak
interlayer could be simulated with Mohr-Coulomb failure
criterion. The parameters of each layer are showed in
Table 1.

The domain of FEM model should be large enough to
eliminate the influence of boundary. The vertical
settlement and lateral displacement fixed at bottom of
model and lateral displacement fixed at both sides of
model. The mesh of FEM is divided by 15 nodes triangle
elements, as showed in Fig. 5 with p = 45° and 6 = 60°.

The stability of rock mass slope 13 to be studied with
shear strength reduction of FEM that 1s, the intensive
parameters ¢, ¢ of each layers soil should be reduced by
coefficient Fy,; simultanecusly:

c = < ,q)rarctan(tanq)] (1)
E, E,

trial trial

where, ¢, ¢, is reduced cohesive strength and internal
friction angle, respectively. The model analyzed by FEM
with reduced parameters, if the slope arriving limiting
equilibrium state judged by some criterion (Liu et al,
2005), the safety factor of slope equal the value of
coefficient F,, Otherwise, the model should be
recalculated with new reduced parameters until slope

} 120 }
1 1

Fig. 4: Numerical analysis model (unit: m)

Table 1: Parameters of each laver

arriving limiting equilibrium state. Lots of researches
indicated that it 1s reliably and feasibly to analyze stability
of slope with shear strength reduction of FEM.

RESULTS OF FEM CALCULATION

Influence of rock stratum inclination on stability of
slope: The relationship between rock stratum meclmation
and deformation or failure of slope 1s showed m Fig. 6,
with the condition of slope angle P = 45°, distance of
structural surface h = 20.0 m and thickness of weak
interlayer d = 3.0 m. The corresponding safety factor and
position of failure surface is showed in Fig. 7 and 8§,
respectively.
It can be found from those figures showed above:

¢ Slip deformation mainly occurred by gravity in level
layered rock mass slope (6 = 0°) and deformation at
top of slope is bigger and earlier than that of waist or
toe of slope. Cracks happened at top of slope by
level tension stress which belongs to press-cut
failure, as showed in Fig. 6a

+  Consequent rock slope is a slope with rock stratum
inclination 0°<0<90° which stability controlled by
strike of rock stratum, included angle of rock stratum,
relationship between slope angle and rock stratum
mclination, dimorphism and strength of structural
surface and so on

When rock stratum inclination little than slope
angle (6<P), slope destroyed by shear along
structural surface, with steps of faulted between
mterlayers, creep deformation along structural
surface and sheared along weak mterlayer, such as
showed m Fig. 6b
When rock stratum inchination equal slope angle

(0 = PB), as showed in Fig. 6¢, slope destroyed along
weals interlayer, cracks emerged at posterior margin of
slope and sheared by compression at anterior border
of slope

Fig. 5: Mesh of FEM (elements: 3033)

Soil lavers Gravity kN m ™)  Cohesive strength ¢ (kpa) Internal friction angle © () Deformation modulus E; (MPa)  Poisson’s ratio
Rock mass 25.0 106.0 36.0 3450 0.28
Weak interlayer 20.0 49.0 28.0 1450 0.31
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Fig. 8 Position of failure surfaces of slope containing
multi-weal interlayers

When rock stratum inclination bigger than slope
angle (6>[), as showed in Fig. 6(d), not only slope
destroyed along weak interlayer at middle position of
slope, but also bending deformation or burst
deformation happened at toe of slope, with steps of
relaxed by unloading, drawing breakage, expanded by
compression and collapsing with whole (Luan et al.,
2003)

*  Vertical layered rock mass slope (6 = 90%) would
be collapsed or ripped by gravity, as showed in
Fig. 6e. Bending deformation or burst deformation
happened towards surface of slope and cracks
emerged at posterior margin of slope which belongs
to flexing-collapsing failure

¢ Anti-dip rock slope (90°<6<180°) would be collapsed
or ripped by moment of gravity towards outside of
slope, followed with local glide and local crack,
emerged with disturbed belts by gravity. Slope
ruptured when main stress and shear stress bigger
than strength of extension of structural surface, as
showed m Fig. 6f-h

s The stability of consequent rock slope (0°<8<90°)
decreased first and increased later with increasing of
rock stratum mclhination which got its minimal value
at 30° of rock stratum melination, as showed n Fig. 7.
When 0°<6<60°, the curve of stability is symmetrical
distribution at 8 = 30°. The stability of anti-dip rock
slope (90°<0<180°) fluctuated with increasing of rock
stratum inclination which got its maximal value at
135% of rock stratum inclination. The stability of
anti-dip rock slope is obviously bigger than that of
consequent rock slope, with the same other
conditions. Therefore, stability of rock mass slope 1s
distinetly influenced by rock stratum inclination

s The position of failure surface of interlayer slope is
greatly mfluenced by rock stratum inclination, as
showed m Fig. 8 which controlled by thickness of
rock mass, rock stratum inclination, strength of
structural surface and so on

Influence of slope angle on stability of slope: Slope angle
is a key influence factor during design of excavation and
supporting of slope. The influence of slope angle on
failure mechamsm and stability of slope 15 showed in
Fig. 9, where consequent rock slope with 8 = 45°, anti-dip
rock slope with 6 = 150°.

Tt can be found from Fig. 9:

» To the consequent rock slope, as showed in
Fig. 9a and b, slope would be destroyed with model
of slippage-flexing by gravity at = 30° While at
B = 60°, slope destroyed along weak interlayer by
gravity, almost no flexing happened at toe of slope

¢+ To the anti-dip rock slope, as showed in
Fig. 9¢ and d, slope destroyed with the model of
overturning by gravity. When slope angle increased,
slope would be overturned by gravity more easily

Therefore, there is big influence on failure mechanism
of slope with different slope angle.

The mfluence of slope angle on stability of rock mass
slope is showed in Fig. 10. Tt can be found whether
consecquent rock slope or anti-dip rock slope, safety factor
of slope would be decreased with slope angle increased.
Therefore, a reasonable and economic slope angle should
be designed in excavation of slope with weal interlayer in
real engineering.

Influence of distance of structural surface on stability of
slope: With the condition of p = 45° and 6 = 135°, the
influence of distance of structural surface h on failure
mechamsm and stability of multi-weak interlayer slope 1s
showed m Fig. 11 and 12, respectively.
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Fig. 9(a-d). Deformation damage characteristics and
critical  failure surface with different
slope angles (a) p = 30°, 0 = 45°, (b) p = 60°,
6 =45° (c)p=30°0 =150°and (d) p =607,
6 =150°

The deformation and stability of multi-weak mterlayer
slope is depended on the distance or number of structural
surface. Strength of rock decreased badly by weak
mterlayer with small value of distance of structural
surface. When the distance of structural surface
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Fig. 10: Relationship between safety factor of slope and
slope angle

Fig. 11(a-b):Deformation and critical failure surface of
slope with different distance of structural
surface(a)h=8mand (byh=16m

increased, the number of structural surface m a fixed
scope decreased, so the equivalent strength of whole
slope increased and the stability of slope enhanced.

Influence of parameters of rock and structural surface
on stability of slope: In a certain degree, there i1s big
difference between parameters of rock mass and weak
interlayer, so it is need to evaluate the influence of
parameter of rock mass and weak mterlayer on stability of
multi-weak interlayer slope.
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Fig. 13(a-b): Influence of parameter of weak mterlayer on
stability of slope (a) Influence of cohesive
strength and (b) Influence of inner friction
angle

With the condition of B = 45° and 6 = 120°, the
relationship between stability of slope and parameter
of weak mterlayer and rock mass are showed in
Fig. 13 and 14, where only the studied parameter changed
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Fig. 14(a-b): Influence of parameter of rock mass on
stability of slope (a) Influence of cohesive
strength and (b) Influence of inner friction
angle

and other parameters unchanged. Tt can be found that the
stability of slope enhanced with the value of cohesive
strength or inner friction angle of weak interlayer or rock
mass increased.

During further contrastingly study, it can be found
the stability of slope enhanced 0.00257 when cohesive
strength of weak interlayer increased 1 kpa while the
stability of slope enhanced 0.00568 when cohesive
strength of rock mass mcreased 1 kpa. On the same way,
the stability of slope enhanced 0.0059 when inner friction
angle of weak mterlayer increased 1° while the stability of
slope enthanced 0.02638 when mner friction angle of rock
mass increased 1°. Tt seems the parameter of rock mass is
more important than that of weak mterlayer. That 1s,
although the stability reduced by weak interlayer, the
stability of slope with mult-weak mterlayer mainly be
controlled by parameters of rock mass.
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CONCLUSION

* To the consequent rock slope, slope would be
destroyed by shear along structural surface, cracks
emerged at posterior margin of slope and bending
deformation or burst deformation happened at toe of
slope. While anti-dip rock slope would be collapsed
or ripped by moment of gravity towards outside of
slope, followed with local glide and local crack and
disturbed belts emerged

*  The stability of consequent rock slope decreased
first and mcreased later with increasing of rock
stratum inclination which got its minimal value at 30°
of rock stratum inclination. The stability of anti-dip
rock slope fluctuated with increasing of rock stratum
mclination which got its maximal value at 135° of rock
stratum inclination. The stability of anti-dip rock
slope is obviously bigger than that of consequent
rock slope, with the same other conditions

*  Whether consequent rock slope or anti-dip rock
slope, safety factor of slope would be decreased with
slope angle increased

*  When the distance of structural surface increased,
the number of structural surface m a fixed scope
decreased, so the equivalent strength of whole slope
increased and the stability of slope enhanced

*  The stability of slope enhanced with the value of
cohesive strength or mmner friction angle of weak
interlayer or rock mass increased. Although the
stability of slope with multi-weak interlayer reduced
by weak mterlayer which mainly be controlled by
parameters of rock mass
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