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Abstract. A location determining method is proposed for critical sliding surface in the stability analysis of the filling materials
in karst caves. First, a preliminary location of the sliding surface is determined based on simulation results which includes
displacement contour and plastic zone. The sliding surface will locate on the bottom contact interface when the friction angle is
relative small. However, a weakened contact interface always becomes the critical sliding surface no matter what the friction
angle is. Then when the friction angle becomes larger, the critical sliding surface inside fillings can be determined by a parabola,
the coefficient of which increases linearly with the friction angle under the same cohesion. Finally, the critical sliding surface
approximately remains unchanged with friction angle. The influence of cohesion is similar to that of friction angle. Although
affected by shape, size or position of the karst cave, the critical sliding surface mainly depends on both friction angle and
cohesion. Thus, this method is always useful in determining the critical sliding surface.

Keywords: critical sliding surface; stability analysis; filling materials; karst cave

1. Introduction

Tunnel construction easily suffers a serious water and
mud inrush disaster in karst areas. Disaster often causes
thousands of casualties, significant economic losses,
adverse social impact and serious environmental damage.
Water and mud inrush catastrophe is difficult to control,
because the catastrophic evolution mechanism is extremely
complex. A clear understanding of the mechanism is not yet
formed. Hazard-causing structures include karst structure
(such as karst caves, karst conduit etc.), fault fracture zone,
intrusive contact structure etc. Resources of the disaster
include water, solid filling materials (such as mylonite,
cataclasite, soil etc.) and the mixture of water and solid
materials. Water & mud-confining structure is consisting of
the surrounding rock or the solid filling materials. Many
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research achievements have been obtained regarding the
mechanism for the failure of the surrounding rock since last
century, such as the bending theory of beam and plate
(Hoefsloot 2008, Barpi et al. 2011), the crack growth theory
under hydraulic effect (Aliha et al. 2010, Damjanac et al.
2010, Carrier and Granet 2012), the key block theory etc.
(Rutqvtst et al. 2002). But less research is reported on the
stability of the solid filling materials (Li et al. 2015, Serdar
et al. 2015, Yang et al. 2015, Lin et al. 2016).

Stability of filling materials are conducted based on the
slice method in the present study. The slice method is
demonstrated highly efficient, simple and practical in
stability analysis in slope and dam engineering field.
Relevant theories and research achievements have been
widely applied (Yamin and Liang 2010, Khosravi and
Khabbazian 2012, Hajiazizi and Tavana 2013, Guerriero et
al. 2014, Metya and Bhattacharya 2014, Mazaheri 2015,
Gandomi et al. 2015). The slice method is superior to the
numerical simulations or the model experiments in quickly
analyzing the stability of the filling materials in karst caves.
One thing to emphasize especially is that slopes or dams are
restricted to a semi-space, but the filling materials in karst
caves are restricted to a whole-space. In addition, the
geological genesis, the hydrodynamic environment and the
boundary conditions are more complicated in the whole-
space analysis. Therefore, the previous achievements cannot
be directly applied to the stability analysis of the filling
materials in karst caves.

Location determining of critical sliding surface is the
fundamental problem in the stability analysis of filling
materials based on the slice method (Kahatadeniya et al.
2009, Khajehzadeh et al. 2011, 2012a, b, Gandomi et al.
2014, Kashani et al. 2016, Regmi and Jung 2016). Stability
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40m

Fig. 1 Numerical simulation model

Table 1 Scenarios for preliminarily location of the critical
sliding surface

) Filling Materials Interface
Scenario
o (°) C (KPa) State 0 (°) C (KPa)

4 not 4

-1 18 2x10 Weakened 18 2x10
- 4 not 4
12 32 2x10 Weakened 32 2x10
I3 32 2x10°  Weakened 10 1x10*
4 not 4

1I-1 12 3x10 Weakened 12 3x10
2 4 not 4
1-2 24 3x10 Weakened 24 3x10
1I-3 24 3x10*  Weakened 10 1x10*
4 not 4

-1 8 4x10 Weakened 8 4x10
4 not 4

11-2 14 4x10 Weakened 14 4x10
-3 14 4x10*  Weakened 10 1x10*

of filling materials with a soft interlayer is analyzed based
on the transmit coefficient slice method or the Bishop
method, where the weakened interface is simplified as the
critical sliding surface (Li et al. 2015, Lin et al. 2016).
However, critical sliding surface may appear inside fillings.
In addition, the shape of a cave boundary is usually a
straight line, a polyline, an arc, a curve or some other
irregular shapes. Therefore, location determination of the
critical sliding surface should be studied firstly.

A location determining method is proposed for critical
sliding surface in stability analysis of filling materials in
karst caves. Firstly, a preliminary location of the sliding
surface is determined based on simulation results which
includes displacement contour and plastic zone. Then an
exact location is determined by a parabola method. The
relationship between the coefficient of the parabola and
friction angle is investigated and the influence of cohesion
is discussed.

2. Numerical simulation scenarios

A numerical simulation model is established based on
the FLAC3D software platform. This model is used to study
the determination of critical sliding surface for filling
materials in karst caves. The model is 40 m high and 50 m

Table 2 Scenarios for original sliding circle analysis

Subclass
Scenario Classification Basis
1 2 3 4 5 6 7 8
w 1 30 32 34 36 38 40 42 44
V' Cohesion 2 InFerpaI 24 26 28 30 32 34 36 38
(KPa) — Friction
74 i Angle (°) 16 18 20 22 24 26 28 30
vil 4 8 10 12 14 16 18 20 22

wide. The height and width of the tunnel are 15 m and 10 m
respectively. The revealed karst cave is filled. An interface
is applied to define the contact interface between the
surrounding rock and the filling materials. Detailed
description of the model is shown in Fig. 1.

There are two conditions. Firstly, the interface between
the surrounding rock and the filling materials is easier to be
the critical sliding surface if the shear strength or the
frictional resistance of the interface is reduced by the karst
water corrosion and seepage. Secondly, the critical sliding
surface may appear inside soils when the interface is not
weakened.

Three scenarios are studied for the location pre-
determining of the critical sliding surface, i.e., scenarios I,
Il and 111 with different cohesions of the filling materials.
Each scenario is further divided into three scenarios. The
first two scenarios are designed with different internal
friction angles of the filling materials. The third scenario is
designed with weakened interface. The cohesion and the
friction angle of the weakened interface are smaller than
that of the filling materials. Parameters of each scenario are
listed as shown in Table 1.

Exact location of the critical sliding surface needs to be
determined when the sliding surface appears inside the
fillings. Thus, four scenarios are designed to study the
determining method for the location of the critical sliding
surface, i.e., scenarios 1V, V, VI and VII with different
cohesions of the filling materials. Each scenario is divided
into several different scenarios with different friction angles
of the filling materials. The cohesions or the internal
friction angles of the filling materials for different scenarios
are listed as shown in Table 2.

3. Results
3.1 Displacement analysis

Fig. 2 shows contour maps of displacement (larger than
20cm) under scenarios (a) 11 with C = 2 KPa and ¢ = 18°,
(b) 12 with C =2 KPa and ¢ = 32°, (c) 13 with C =2 KPa, ¢
= 32° and a weakened interface, (d) 111 with C = 3 KPa and
@ =12° (e) 112 with C = 3KPa and ¢ = 24°, (f) 113 with C =
3 KPa, ¢ = 24° and a weakened interface, (g) 1111 with C =
4 KPa and ¢ = 8°, (h) 1112 with C = 4KPa and ¢ = 14°, and
(i) 3 with C = 4KPa, ¢ = 14° and a weakened interface.
Most displacement values are larger than 20 cm when the
internal friction angle is relative small, such as scenarios 11,
111 and 1111 in Fig. 2(a), 2(d) and 2(g), respectively, which
indicates that wholesale collapse may occur in karst caves.
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ianes

(h) Scenario I112: C=4¢4 Pa, p=14°

(g) Scenario I111: C=4e4Pa, ¢=8°

The failure surface may appear inside the fillings,
because displacement values near the contact interface are
much smaller than those inside the fillings. Only
displacement values near the free face are larger than 20 cm
when the internal friction angle becomes large, such as
scenarios 12, 112 and 1112 in Fig. 2(b), 2(e) and 2(h),
respectively, which indicates that the fillings are stable.
However, most displacement values become larger than
20cm with a weakened interface when the internal friction
angle is still large, as shown in Fig. 2(c), 2(f) and 2(i). In
addition, displacement values near the interface are larger
than the values inside fillings. It is reasonable that the
weakened contact interface is the critical failure surface.

3.2 Plastic state analysis

Fig. 3 shows plastic state under scenarios (a) 1V2 with C
= 1KPa and ¢ = 32°, (b) IV5 with C = 1KPa and ¢ = 38°,
(c) IV8 with C = 1KPa and ¢ = 44°, (d) V2 with C = 2KPa
and ¢ = 26°, (e) V5 with C = 2KPa and ¢ = 32°, (f) V8 with
C =2KPaand ¢ = 38°, (g) IV2 with C = 3KPa and ¢ = 18°,

(b) Scenario 12: C=2¢4Pa, ¢=32°

acement Mag
00

(c) Scenario 13: C=2e4Pa, ¢=32°,
with weakened interface

(i) Scenario II13: C=4e4 Pa, ¢=14°,
with weakened interface

Fig. 2 Contour maps of displacement (larger than 20cm) under scenario #1, #11 and #111

(h) 1V5 with C = 3KPa and ¢ = 24°, (i) IV8 with C = 3KPa
and ¢ = 30°, (j) V12 with C = 4KPa and ¢ = 10°, (k) VII5
with C = 4KPa and ¢ = 16°, and V1I8 with C = 4KPa and ¢
= 22° Almost all elements become plastic state when the
internal friction angle is relative small, such as scenarios
V2, V2, VI2 and VII2 in Fig. 3(a), 3(d), 3(g) and 3(j),
respectively. Then the quantity of plastic element becomes
small gradually with the internal friction angle, such as
scenarios 1V5, V5, VI5 and VII5 in Fig. 3(b), 3(e), 3(h) and
3(k), respectively. Only these elements near the free face
become plastic state when the internal friction angle
becomes large, such as scenarios 1V8, V8, VI8 and VII8 in
Fig. 3(c), 3(f), 3(i) and 3(I), respectively. These plastic
elements are regarded as potential slip objects, and the
bottom boundary of the plastic zone is regarded as the
critical sliding surface. Seen from Fig. 3, the critical sliding
surface becomes steeper with the internal friction angle or
the cohesion. In addition, we found an interesting thing that
when the internal friction angle becomes large, plastic zone
extends up to the top of karst cave with a relative small
cohesion, such as scenario 1V8 in Fig. 3(c), but is confined
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(a) Scenario IV2: C=1¢4Pa, ¢=32° (b) Scenario IV5: C=1e4Pa, ¢p=38° (c) Scenario IV8: C=1e4Pa, ¢p=44°
(d) Scenario V2: C=2e4Pa, p=26° (e) Scenario V5: C=2¢4Pa, ¢=32° (f) Scenario V8: C=2¢4Pa, ¢=38°
(9) Scenario VI2: C=3e4Pa, ¢=18° (h) Scenario VI5: C=3e4 Pa, ¢=24° (i) Scenario VI8: C=3¢4 Pa, p=30°
(j) Scenario VII2: C=4e4Pa, ¢=10° (K) Scenario VII5: C=4e4 Pa, 0=16°  (l) Scenario VII8: C=4¢4 Pa, ¢p=22°
Fig. 3 Plastic state under scenario IV, V, VI and VII
Table 3 Preliminarily location of the sliding surface to a small zone near the free face with a relative large
icti icti cohesion, such as scenario V8 in Fig. 3(f).
Cohesion """ Sliding  Friction  Sliding 111! Sliding 9-3()
C (KPa) "% Location angleg (°)  Location "9 ?Location ) . . .
©) ©) 3.3 Location pre-determining of the critical sliding
1 <36° Interface 36°~44° Inside fillings > 44° Saﬂeoas surface
o o, o 1 HIH o S - - - - -
2 <32° |Interface  32°-38° Inside fillings >38 a%eoas Based on simulation results, a preliminary location of
- Same as the sliding surface is determined. When friction angle is
3 24°  Interf 24°~30°  Inside fill 30° . o
) ertace rewde NS = 30 smaller than 36°, 32°, 24°or 18°, the sliding surface locates
4 <18° Interface  18°~22° Inside fillings > 22° Sagnzeoas on the bottom contact interface, when friction angle is in the

range from 36°~ 44°, 32°~ 38°, 24°~ 30° or 18°~ 22°, the
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Fig. 4 Coordinates of key points on bottom boundary of plastic zone and their fit curves under different scenarios

sliding surface locates inside fillings, and when friction
angle is larger than 44°, 38°, 30° or 22°, the sliding surface
locates same as 44°, 38°, 30° or 22°, under the cohesion 1
KPa, 2 KPa, 3KPa or 4KPa, respectively, as illustrated in
Table 3.

4. Location determining method for the critical
sliding surface

4.1 Original sliding surface

The coordinates of key points on the bottom boundary
of plastic zone are extracted and fitted by a parabola y =
f-(x-25.5)% + 7.8. Fig. 4 shows these coordinates of key
points and their fit curves under scenarios (a) 1V, (b) V, (c)
VI and (d) VII, where the curve ‘F_¢=36°" means the fit
curve and the curve ‘p=36° means coordinates of key
points when ¢ is 36°. Values of the coefficient f are 0.0629,
0.0818, 0.1072, 0.1389 and 0.1736 when ¢ are 36°, 38°,
40°, 42° and 44° under scenario 1V, are 0.0886, 0.0959,
0.1447 and 0.192 when ¢ are 32°, 34°, 36° and 38° under
scenario V, are 0.0925, 0.1304, 0.1488 and 0.1811 when ¢
are 24°, 26°, 28° and 30° under scenario VI, and are 0.0903,
0.1217 and 0.1528 when ¢ are 18°, 20° and 22° under
scenario VII, respectively. These fit curves are regarded as
original sliding surface, and indicates that the original
sliding surface becomes steeper with the internal friction
angle as shown in Fig. 4.

4.2 Relation between the coefficient f and the friction
angle ¢

03

f=0.0180 - 0.462 C=1KkPa

o o C=2KPa
f=0.016p-0.191 ‘ O C=3kPa
B a o
E o ; O C=4KPa

@ 7 g
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Coeffecient f
(=]
!
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o
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’
f=0.014p - 0.246
f=0.0140-0.444 | ____. F_C=3KPa

- F_C=4KPa

10 20 30 40 50
Friction angle ¢ /(° )
Fig. 5 Relation curves between the coefficient f and the
friction angle ¢ under scenarios 1V, V, VI and VI

Table 4 Fit relation curves between the coefficient f and the
friction angle ¢ under different cohesions

Cohesion (KPa) the Fit Curve of f-¢

1 f=0.014p - 0.444
2 f=0.018p - 0.462
3 f=0.014p - 0.246
4 f=0.016¢ - 0.191

Further research about the relation between the
coefficient f and the friction angle ¢ is conducted. Relation
curves between f and ¢ are obtained under scenarios 1V, V,
VI and VII as shown in Fig. 5, where the curve ‘C=1KPa’
means values of f and the curve ‘F_C=1KPa’ means the fit
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Fig. 6 Final sliding surface with different internal friction angles and cohesions
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Fig. 7 Coordinates of key points on bottom boundary of
plastic zone and their fit curves under different cohesions

relation curve when C is 1 KPa.

As seen from Fig. 5, the f increases approximately and
linearly with the friction angle under the same cohesion. Fit
relation curves between f and ¢ are f = 0.014¢ - 0.444, f =
0.018¢ - 0.462, f = 0.014¢ - 0.246 and f = 0.016¢ - 0.191,
when C are 1 KPa, 2 KPa, 3 KPa and 4 KPa, respectively.

4.3 Final-determining of the sliding surface

The critical sliding surface can be determined by the fit
relation curves, as illustrated in Table 4.

The final sliding surface for scenarios 1V, V, VI and VII
are drawn based on the fit curves of f-p as shown in Fig. 6.

4.4 Influence of cohesion

Now that the sliding surface affected by cohesion, it is
necessary to discuss the relation between the coefficient f
and the cohesion C. Fig.7 shows coordinates of key points
on bottom boundary of plastic zone and their fit curves
under different cohesions 2.4 KPa, 2.6 KPa, 2.8 KPa and
3.0 KPa, and same friction angle 28°, where the curve
‘F_C=2.4KPa’ means the fit curve and the curve
‘C=2.4KPa’ means coordinates of key points when C is 2.4
KPa. Values of the coefficient f are 0.0807, 0.122, 0.1516
and 0.1488 when C are 2.4 KPa, 2.6 KPa, 2.8 KPa and 3.0
KPa, respectively. The original sliding surface becomes
steeper with cohesion at first, but then the sliding surface
under C 2.8 KPa is approximately same as that under C 3.0
KPa.

5. Conclusions

« Based on simulation results, a preliminary location of
the sliding surface is determined. The sliding surface will
locate on the bottom contact interface when the friction
angle is relative small, such as smaller than 36°, 32°, 24°or
18° under the cohesion 1 KPa, 2 KPa, 3 KPa or 4 KPa,
respectively. However, a weakened contact interface always
becomes the critical sliding surface no matter what the
friction angle is. In addition, when the critical sliding
surface occurs inside fillings, potential slip objects extends
up to the top of karst cave with a relative small cohesion,
such as C = 1 KPa, but is confined to a small zone near the
free face with a relative large cohesion, such as C = 2 KPa.
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* The critical sliding surface will locate inside fillings
when the friction angle becomes larger, such as larger than
36°, 32°, 24°0r 18° under the cohesion 1 KPa, 2 KPa, 3KPa
or 4KPa, respectively. The critical sliding surface can be
determined by a parabola y = f-(x-25.5)> + 7.8. The
coefficient f increases linearly with the friction angle ¢
under the same cohesion, and is defined by f = Q ¢ — P.
However, when friction angle is larger than 44°, 38°, 30° or
22°, the sliding surface locates same as 44°, 38°, 30° or 22°
under the cohesion 1 KPa, 2 KPa, 3 KPa or 4 KPa,
respectively.

* The critical sliding surface becomes steeper at first, but
then remains unchanged approximately with cohesion under
the same friction angle.

« Although affected by shape, size or position of the
karst cave, the critical sliding surface mainly depends on
both friction angle and cohesion. Thus, these research
results and this method is always useful to determine the
critical sliding surface. Of course, study on the influence of
shape, size and position is need to be continued.
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