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In this paper, the energy instability criterion of water-resistant strata and rock mass failure index (RMFI) are proposed, respectively,
based on releasable elastic strain energy U°. RMFI is employed to represent the damage extent of water-resistant strata. When
RMFI < 1.0, rock mass is stable. When RMFI = 1.0, rock mass is in the critical instability state. When RMFI > 1.0, rock mass
is unstable. The releasable elastic strain energy U° and RMFI program is performed by FISH programming language of Flac®®
software. Then, the authors apply Flac® software to analyze the distribution law of releasable elastic strain energy U® and failure
zone under different width of concealed karst cave. Finally, combined with the numerical analysis, a case study is carried out to
illustrate the rationality, effectiveness, and feasibility through using RMFI to predict safe thickness of water-resistant strata.

1. Introduction

In practical engineering, most water inrush and mud burst
disaster in karst tunnel is caused by insufficient safety thick-
ness of water-resistant strata between concealed karst cave
and tunnel [1-3]. Thus, during the karst tunnel construction,
it is of important engineering significance to determine the
thickness of water-resistant strata rationally. For example,
when we adopt “energy-releasing and pressure-reducing”
method to address the karst cavity filled with water, a certain
thickness of rock plug is required to prevent rock plug form
being crushed, and that can cause water inrush disaster. In
addition, during the karst tunnel construction, we need to
change construction procedure and determine reasonable
safe distance when closing to the small and medium filling
type karst cave. Generally, if the thickness of water-resistant
strata, which is determined by a water-resistant strata stability
criterion, is too small, the difficulty of engineering treatment
and cost will decrease. Nevertheless, it increases the insta-
bility probability of water-resistant strata. On the contrary,

if the thickness of water-resistant strata is too large, it will
cause unnecessary economic waste obviously. Moreover, it
is impossible to relocate the tunnel. Thus it can be seen
that selecting reasonable stability criterion of water-resistant
strata to determine the thickness is directly related to the
tunnel design, construction, and operation safety.

At present, simplified mechanical model and numerical
simulation are adopted to analyze the stability of water-
resistant strata and determine the thickness. Generally, water-
resistant strata are simplified as a mechanical calculation
model of beam and slab [4-8], and the calculation is simple
and clear. However, it is of limited use without considering
the influence factors of karst tunnel stability. Numerical
simulation can be employed to evaluate the stability of
water-resistant strata with considering the influence factors.
Generally speaking, the plastic zone size is used to estimate
the stability of water-resistant strata [2-10]. In fact, the occur-
rence of plastic zone in rock mass does not mean that failure
occurs in rock mass. Only when the equivalent plastic strain
reaches a certain value, failure will occur in rock mass [11],
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and the plastic zone is only given as a range, which is single
information. The information, such as the rock mass damage
degree in plastic zone, the most likely damaged area, and the
evolution law of damage degree, is very difficult to obtain
through single index of plastic zone size [12]. On the whole,
the plastic zone is intuitive but not objective.

It can be seen from the law of thermodynamics that
energy conversion is the essential characteristics of material
physical process, and the material damage is a kind of state
instability under energy drive. During the whole process
from stress to failure, rock mass exchanges energy with sur-
rounding rock all the time. Therefore, it is more conductive
to reflect the essential characteristics of karst tunnel rock
mass global failure through researching energy change law
during deformation and failure process of karst limestone
and the instability criterion of water-resistant strata based
on releasable elastic strain energy. In the aspects of energy
principle of rock mass stability, many scholars have carried
out some researches and achieved a lot of results [12-19].
However, most researches focus on rock burst prediction in
mining engineering, which can provide train of thought for
stability analysis of karst tunnel based on releasable elastic
strain energy. Currently, energy principle is seldom applied
in stability analysis of karst tunnel. So we tried to introduce
the energy principle into the stability analysis of rock mass
excavated in karst area, embedding the energy principle-
based failure criterion in finite element or finite difference
software, which is of practical interest to ensure the stability
of water-resistant strata. Thus, it has important engineering
application value that energy principle is employed to analyze
the stability of water-resistant strata. If the instability crite-
rion program of water-resistant strata based on releasable
elastic strain energy is embedded into the numerical analysis
software, it can not only get the scope of the damage zone,
but also obtain the damage degree and the change law of
each point. Overall, the safety thickness of the water-resistant
strata is determined though analyzing the stability of the karst
tunnel based on the releasable elastic strain energy, which is
of great theoretical significance and engineering application
value in guiding the design and construction, preventing the
tunnel water inrush and mud burst disaster and ensuring the
construction safety.

2. Instability Criterion of Water-Resistant
Strata Based on Releasable Elastic
Strain Energy

2.1. Calculation of Releasable Elastic Strain Energy of Rock
Mass. Taking unit volume of the rock mass unit for energy
analysis, it can be seen from the law of conservation of
energy

W=U=U°+U% Q)

where W is the work done by the outside to the rock, and U is
the total energy of the rock absorbed from outside. U* is the

releasable elastic strain energy. U is the dissipation energy.
The relationship between U° and U is shown in Figure 1.
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FIGURE 1: Calculation schematic of U¢ and U® in i direction.

In the shaded area, U° refers to the releasable elastic strain
energy, and U refers to the dissipation energy, which mainly
includes internal damage energy and plastic strain energy.
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where o; (i = 1,2,3) is principal stress in three directions.
g (i = 1,2,3) is the total strain in three directions. ¢° is
elastic strain in three directions. 0,0}, O (i, j,k = 1,2,3)
are principal stresses. ; is Poisson’s ratio. E; is the unloaded
elastic modulus in three directions. Assuming y; is not
affected by damage, denoted by y, we can gain
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In order to simplify the calculation, the initial elastic

modulus E, is taken instead of E; usually. So (3) can be
rewritten as [14]

(4)

2 2 2
-[al +0, +0, —2y(0102+0203+0103)].

2.2. Establishment of RMFI (Rock Mass Failure Index) Based
on Releasable Elastic Strain Energy. Most of the energy input
to the rock mass from outside is transformed to the releasable
elastic strain energy U® and stored in the rock mass. When the
releasable elastic strain energy U® reaches the surface energy
U° of the rock mass unit, global failure will occur. It should be
noted that the releasable elastic strain energy U is most likely
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to be released in the direction of the minor principal stress o
[14]. In order to unify symbols, we set the compressive stress
as positive and the tensile stress as negative in this paper.
Academician Xie et al. give the global failure criterion of rock
mass unit [14], which is elaborated as follows.

2.2.1. Global Failure Criterion of Rock Mass Unit under
Triaxial Compression. Most engineering rock mass units are
in triaxial compression state (o;, > o0, > o0; = 0).
The releasable elastic strain energy is easy to release in the
direction of o3, which is easy to release along the direction of
the main stress difference 0, — 05 and is proportional to the
relationship between o, — o;. If the strain energy release rate
in the i direction is defined as R;, then

R =Ki(oy-0;)U° (i=1,23), ®)
where K; is the material constant. The maximum energy
release rate occurs in the direction of the minimum compres-
sive stress; then Ry = Kj(0; — 053)U°. When the maximum
strain energy release rate R, exceeds the critical release rate
R., the releasable elastic strain energy U which is stored in
the rock mass unit is released in this direction first. When
the releasable elastic strain energy U° of the rock mass unit
reaches the surface energy U° required for the global failure
of the rock mass unit, the global failure of the rock mass will
occur. Then it satisfies

Ry =K;(0y —0;)U° =R, (6)

where U is the releasable elastic strain energy of rock mass,
which is determined by (4). R, is the material constant, which
can be determined by uniaxial compression test.

In the uniaxial compression test, o, = o0,, 0, = 03 = 0,
from (4), we can gain

2

- 7)

U° =
2E,

Substituting (7) into (6), one obtains

3

[0}
R, =Ky e (8)
0

Substituting (8) into (6), eliminating K5, one obtains

3

(0, —03)U° = %~ )
0

Substituting (4) into (9), one obtains

[012 +0,° + 0" =21 (0,0, + 0,0, + 0103)]
(10)
3
(01 -03) =0,

Equation (10) [14] is the global failure criterion of the rock
mass unit in the triaxial compression state.

2.2.2. Global Failure Criterion of Rock Mass Unit under
Tension at Least in One Direction. Tensile stress often appears
in engineering rock mass, such as unloading rock mass. It
represents a kind of situation that the global failure is prone
to occur. When the rock mass unit is under tension state at
least in one direction (05 < 0), because the tensile stress in
any direction will promote the release of the releasable elastic
strain energy, the strain energy release rate R; is distributed
according to the value of the principal stress, and then

R, =K,oU° (i=1,2,3). 1)

The maximum strain energy release rate occurs in the
direction of maximum tensile stress. When the failure occurs
in rock mass, it meets the following requirements:

R, = Ky0,U° = R, (12)

where U is the releasable elastic strain energy of rock mass,
which is determined by (4). R, is the material constant, which
can be determined by uniaxial compression test.
In the uniaxial compression test, 0; = 0,, 0, = 0, = 0,
from (4), we can gain
2
o
Uf=—L. (13)
2E,
Substituting (4) into (12), one obtains

3

0,
R, = &ﬁ. (14)
0

Substituting (14) into (12), eliminating K, one obtains

3

0.
o, U = . 15
5 2, (15)

Substituting (4) into (15), one obtains
o3 [0,> + 0,7 + 03> = 2u (0,0, + 0,05 + 0,03)| =0, (16)

Equation (16) [14] is the global failure criterion of the rock
mass unit under tension at least in one direction.

2.2.3. Establishment of RMFI (Rock Mass Failure Index).
When formulas (10) and (16) are employed to evaluate the
stability of engineering rock mass, o, is tensile strength of
rock mass 0,,,, (negative values), and o, is uniaxial compres-
sive strength of rock mass o, (positive value). We define the
damage degree of rock mass as RMFI (rock mass failure index)
in this paper which is given by

RMFI

(0, - 03) [012 +0,% +0y% = 2u (0,0, + 0,05 + 0103)]

3
Ocm

(0;>0) (17)

0; [012 +0,% + 03 = 2u(0,0, + 0,05 + 0103)]

3
m

RMFI =

Oy

(05 <0).
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TABLE 1: Mechanical parameters of rock mass.

Internal friction Cohesion/MPa Deformation Compression Tensile Bulk Shear Poisson’s ratio
angle/(") modulus/GPa  strength/MPa  strength/MPa  modulus/GPa  modulus/GPa
41.07 6.958 15.981 30.585 0.230 11.098 6.342 0.26

When RMFI < 1.0, the unit is under a safe state.

When RMFI = 1.0, the unit is under a critical state.

When RMFI > 1.0, the unit is under a failure state.

In this paper, RMFI (rock mass failure index) is employed
to characterize the failure degree of the water-resistant strata,
and it is also used as the energy criterion for the instability of
the water-resistant strata. From formula (17), it can be seen
that RMFI (rock mass failure index) corresponds to the stress
state of the rock mass unit, and the greater the RMFI (rock
mass failure index) is, the greater the failure degree of the rock
mass unit is. Therefore, if the stress state of each element of
the rock mass is acquired, RMFI (rock mass failure index) of
the rock mass unit can be determined, and the instability and
failure state of the water-resistant strata can be judged.

3. Stability Analysis of Water-Resistant Strata
Based on RMFI (Rock Mass Failure Index)

After the excavation of tunnel in karst areas, every rock mass
unit is under the specific stress state. The whole compressive
strength and tensile strength of rock mass are definite value.
Then, the failure degree of each rock mass unit is corre-
sponding to the stress state. Thus the numerical simulation
method Flac®® software can be applied, and the instability
discrimination program of water-resistant strata based on
releasable elastic strain energy U° and RMFI (rock mass
failure index) is compiled by FISH programming language in
Flac®® software. FISH is an array programming language that
combines the functional programming with the execution
of imperative (procedural) programming. So in the article
FISH programming language was used which is embedded
to Flac®® software. In this way, we can gain distribution
nephogram of releasable elastic strain energy U® and RMFI
(rock mass failure index), and RMFI (rock mass failure index)
of every point in rock mass can be shown. The area of RMFI >
1.0 indicates rock mass failure zone.

3.1. Modeling. Qiyueshan Tunnel of Liwan highway is
selected as the background engineering in this paper. Rock
mass mechanical parameters of section GK2480 are shown
in Table 1. The karst cave is set at the top of the tunnel. Lateral
pressure coefficient A = 1.5, cavern spacing L = 3 m, depth-
span ratio of karst cave R = 1.0 (circular), karst water pressure
P = 1.0 MPa, and setting the karst cave span D = 4m, 8 m,
12m, 16 m, 20 m.

The karst tunnel model is taken as a plane strain model,
which is taken as 1 m in longitudinal direction to calculate and
analyze. Tunnel span d = 11.0 m, clearance height 4 = 5.5 m,
and the model height is 85 m, which is 10 times as high as the
tunnel height. The distance between the bottom of the tunnel
and the bottom boundary of the model is 39.5 m. The distance

FIGURE 2: Model meshing diagram.

between the top of the tunnel and the upper boundary of the
model is 37 m, and the tunnel depth is 307 m. Lateral stress is
applied on the left and right boundary of the model, and the
displacement constraint is applied at the bottom of the model.
The load of upper rock mass is converted into uniform load
and applied to the upper boundary of the model. The cave is
considered as the mechanics model of the empty field [19].
Mesh generation of the model is shown in Figure 2, and the
positions of the monitoring points are shown in Figure 3.

3.2. Elastic Strain Energy’s Distribution Characteristics Anal-
ysis of Water-Resistant Strata in Karst Tunnel. The display
program of the rock mass releasable elastic strain energy U* is
written in FISH programming language, and its distribution
nephogram is shown in Figures 4 and 5.

The releasable elastic strain energy values at each moni-
toring point of the water-resistant strata under different cave
spans are shown in Table 2.

The distribution curves of the releasable elastic strain
energy and the minimum principal stress at the monitoring
points of the water-resistant strata under different spans are
shown in Figure 6.

It can be seen from Figure 6(a) that the elastic strain
energy increases with the span D at each monitoring point
(except the Ist unit at the bottom of the cave). When D = 4m
and D = 8m, the releasable elastic strain energy is mainly
distributed at the bottom of the cave (D = 4m, U° =
0.088 MJ/m?>). As the span D increases, the releasable elastic
strain energy is gradually transferred to the top of the tunnel,
which is about 0.141 MJ/m>. The minimum principal stress
distribution curve Figure 6(b) shows that water-resistant
strata is under compression integrally, and the minimum
principal stress at the top of the tunnel is the lowest. The
amplification of minimum principal stress is only 20% with
the increasing of the cave span. The triaxial test results of
limestone show that the elastic energy storage capacity limit
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FIGURE 3: Layout of monitoring points.
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FIGURE 4: D = 4 m releasable elastic strain energy distribution of the rock mass (J/ m?).
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FIGURE 5: D = 20 m releasable elastic strain energy distribution of surrounding rock (J/m?).

of the tunnel is proportional to the minimum principal stress
[20, 21], and it is low at the top of the tunnel. Nevertheless, the
releasable elastic strain energy is larger than other locations
(D > 8m) at the top of the tunnel. It increases by 281% with
the increasing tunnel span D at the top of the tunnel, which
indicates that failure is prone to occur for the rock mass at the
top of the tunnel and the damage will be severe.

3.3. Distribution Characteristics Analysis of RMFI for Water-
Resistant Strata in Karst Tunnel. FISH programming lan-
guage was employed to write the RMFI display program, and
its distribution nephogram was shown in Figure 7. To observe
the scope of the area of the water-resistant strata, we can set it
with conditional statement and the simulation approach is as
follows: if RMFI < 1.0, the RMFIisset to 0. If RMFI > 1.0, the
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TABLE 2: Releasable elastic strain energy at each monitoring point of the water-resistant strata under different cave spans (MJ/m?).

Karst cave span D/m

Monitoring point position

1 2 3 4 5 6 7 8 9 10
0.088 0.058 0.045 0.039 0.037 0.037 0.039 0.042 0.048 0.056
8 0.099 0.080 0.066 0.059 0.055 0.055 0.057 0.061 0.068 0.071
12 0.091 0.097 0.084 0.077 0.074 0.074 0.078 0.086 0.099 0.071
16 0.085 0.106 0.098 0.094 0.093 0.096 0.104 0.122 0.113 0.072
20 0.082 0.107 0.111 0.111 0.114 0.124 0.141 0.160 0.113 0.073
0.18 - 8
0.16 + = 7F
e Ay
§ 0.14 | § 6
2 2
> 0.12 + 2 5}
j=1s) —
g g
§ 0.10 | E’ 4t
E 008} 8 3L
Z g
£ 0.06 g 21
= £
=004 S 1t
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(a) Releasable elastic strain energy distribution curve

Monitoring point

—v— D=16m
—— D=20m

- D=4m
-~ D=8m
—4— D=12m

(b) Minimum principal stress distribution curve

FIGURE 6: Releasable elastic strain energy and minimum principal stress distribution curve at different spanners.

Flac®™® 5.00

©2012 Itasca Consulting Group, Inc.
RMFI (rock mass failure index)
Calculated by: volumetric averaging

" I =

2.0000E + 00
1.8000E + 00
(a) D=4m

1.6000E + 00
1.4000E + 00
1.2000E + 00
1.0000E + 00
8.0000E - 01
6.0000E - 01
4.0000E - 01
2.0000E - 01
2.3489E - 03

Flac™” 5.00

©2012 Itasca Consulting Group, Inc.
RMFI (rock mass failure index)
Calculated by: volumetric averaging

4.8559E + 00
I 4.7500E + 00

35
32500E + 00
I 3:0000E + 00

2.5000E — 01
6.1879E - 03

(b) D=20m

FIGURE 7: Distribution of surrounding rock RMFL

RMFI specific values are displayed normally, and RMFI > 1.0
is the rock damage area as shown in Figure 8.

The RMFI values at the monitoring points of the water-
resistant strata under different span are shown in Table 3.

The distribution curves of RMFI at each monitoring point
of the water-resistant strata under different cave spans are
shown in Figure 9.

It can be seen from Table 3 and Figure 9, when D = 4 m,
the RMFI is 2.196 at the bottom of karst cave. When D > 4 m,

the RMFI at the bottom of karst cave decreases with the
increasing of the karst cave span D, and the RMFI decreases
from 2.196 to 1.981. The RMFI at other monitoring points of
the water-resistant strata increases with the increasing of the
karst cave span D. When D = 4 m, failure occur at the bottom
of the karst cave while other locations are safe and stable.
When D = 8m, the large value of RMFI mainly distribute
near the bottom of the karst cave (RMFI = 2.614). When
D > 8m, the large value of RMFI gradually shift to the



Mathematical Problems in Engineering 7
Flac®” 5.00 Flac®” 5.00
©2012 Itasca Consulting Group, Inc. ©2012 Itasca Consulting Group, Inc.
Failure zone Failure zone
Calculated by: volumetric averaging Calculated by: volumetric averaging
2.1018E + 00 4.8559E + 00
| St o | ides
1.8000E + 00 é égggg * §§
1.6000E + 00 %32885188
I 1:4000E + 00 3:0000E + 00
1.2000E + 00 £ 217500E + 00
2:5000E + 00
1.0000E + 00 I 22500E + 00
o0
6.0000E - 01 }32885 I 88
4.0000E - 01 %128885 )
200008 - 01 5000k - 01
0.0000E + 00 0.0000E + 00
() D=4m (b) D=20m
FIGURE 8: Distribution of surrounding rock failure zone.
TaBLE 3: RMFI values of each monitoring point of water-resistant strata under different cave spans.
Karst cave span D/m Monitoring points’ position
1 2 3 4 5 6 7 8 9 10
2.196 1172 0.794 0.645 0.594 0.595 0.645 0.739 0.888 1.101
8 2.614 1.900 1.435 1.199 1.078 1.087 1.137 1.269 1.515 1.596
12 2.318 2.574 2.072 1.812 1.705 1.713 1.838 2.122 2.633 1.608
16 2.105 2.934 2.604 2.426 2.385 2.515 2.854 3.583 3.191 1.636
20 1.981 2.947 3.137 3.135 3.273 3.680 4.472 5.420 3.196 1.644

Failure zone

RMFI (rock mass failure index)
w

1 _m Critical
N2 \-\._\_._./././'/ line
Safety zone

0 1 1 1 1 1 1 1 1 1 1 J

6o 1 2 3 4 5 6 7 8 9 10 1
Monitoring point

—v—- D=16m
—— D=20m

= D=4m
-o- D=8m
—4— D=12m

FIGURE 9: RMFI distribution curves of each monitoring points of
water-resistant strata under different cave spans.

top of the tunnel with the increasing of the karst cave span.
When D = 12 m (the tunnel span d), the large value of RMFI
transfer to the top of the tunnel, and the failure zone of the
water-resistant strata penetrates. When D = 20 m (D > 2d),
the RMFI at the top of the tunnel rises to 5.420 and at the
bottom of the karst cave decreases to 1.981. The top of the
tunnel is damaged severely compared with other locations.

The paper takes some influence factors of the karst cave
span D as an example and analyzes the stability of the
water-resistant strata and the distribution law of damage
area, which is based on releasable elastic strain energy and
RMFI (rock mass failure index). It is intuitive and objective
unification. The releasable elastic strain energy and RMFI
(rock mass failure index) of each point of the rock mass can
be obtained quantitatively, and the failure zone of water-
resistant strata can be observed directly. If the critical distance
of failure zone of water-resistant strata is defined as safety
thickness [2], combined with the RMFI display program and
adjusting the distance between tunnel and the karst cave
continuously, the safety thickness of the water-resistant strata
can be determined vividly.

4. Engineering Application

Yichang-Wanzhou Railway Dazhiping tunnel is a two-lane
tunnel. There is a water-rich karst cave at mileage DK137 +
768.5~DK137 + 783.6. The internal water pressure is 0.73~
0.89 MPa. The cave span is 7.7~9.2m, and the cave height is
5.5~7.8 m. The longitudinal span along the axial direction of
the tunnel is about 13~15 m. The relationship of the location
between the cave and the tunnel is shown in Figure 10.

The karst cave can be simplified as an ellipse, with the
major axis 8.45m and the short axis 6.65m. The depth of
the tunnel is 110 m. Rock parameters are selected from the
limestone test data obtained by Wang et al. [4]. The tensile
strength and compressive strength of rock mass is 0.570 MPa
and 7.081 MPa, respectively, and the lateral pressure coeffi-
cient is 1.3. The density of rock mass is 26.5kN/m’. The
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FIGURE 10: Location relationship diagram between Dazhiping tunnel and karst cave in DK137 + 768.5~DKI37 + 783.6.
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FIGURE 11: Destruction zone of water-resistant strata with the karst cave space changing in Dazhiping tunnel at the section DK137 + 768.5~

DK137 + 783.6.

bulk modulus is 17.371 GPa. Shear modulus is 7.808 GPa, and
Poisson ratio is 0.27. We adjust the distance between the karst
cave and the tunnel constantly, until the critical location of
the failure zone of water-resistant strata was found (critical
contact position where RMFI > 1.0). The distance between
the top of the tunnel and the bottom of the karst cave is the
safe distance (Figure 11).

Figure 11 reveals that the safety thickness of water-
resistant strata is about 4.5m in Dazhiping tunnel, and the
result is similar to the calculation result (4.3 m) which is
obtained by Guo [5] through the Schwarz alternating method
and Griffith strength criterion. During the construction
process, we have explored that the distance between lower
boundary of karst cave and the top of tunnel is 3.4 m~4 m.
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Thus, the water-resistant strata are instable. In actual con-
struction, the pregrouting and advanced pipe roof support is
employed, and finally the area influenced by the karst cave is
accomplished successfully.

5. Conclusions

(1) The energy instability criterion of water-resistant
strata based on releasable elastic strain energy U°
is established and RMFI (rock mass failure index) is
defined. It is employed as energy criterion to charac-
terize the damage degree of water-resistant strata. If
RMFI < 1.0, the rock mass is stable. If RMFI = 1.0,
the rock mass is in the critical state. If RMFI > 1.0,
the rock mass is instable.

(2) The releasable elastic strain energy U® and RMFI pro-
gram was compiled by FISH programming language
of Flac®® software. Combined with this program,
Flac®® software to analyze the influence of concealed
karst cave D on the failure zone is applied.

(3) Combined with the releasable elastic strain energy
U® and RMFI defined in this paper, safety thick-
ness of water-resistant strata in Dazhiping tunnel is
determined by the RMFI instability discrimination
program. The result is close to the practical engineer-
ing. Therefore, this method can be used as a tool for
confirming other prediction methods or as a basis for
engineering decision.
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