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Abstract: Affected by the coupling of excavation disturbance and ground stress, the heterogeneity
of surrounding rock is very common. Presently, treating the permeability coefficient as a fixed
value will reduce the prediction accuracy of the water inflow and the external water pressure of the
structure, leading to distortion of the prediction results. Aiming at this problem, this paper calculates
and analyzes tunnel water inflow when considering the heterogeneity of permeability coefficient of
surrounding rock using a theoretical analysis method, and compares with field data, and verifies the
rationality of the formula. The research shows that, when the influence of excavation disturbance
and ground stress on the permeability coefficient of surrounding rock is ignored, the calculated value
of the external water force of the tunnel structure is too small, and the durability and stability of the
tunnel are reduced, which is detrimental to the safety of the structure. Considering the heterogeneity
of surrounding rock, the calculation error of water inflow can be reduced from 27.3% to 13.2%, which
improves the accuracy of water inflow prediction to a certain extent.

Keywords: excavation disturbance; permeability coefficient; ground stress; water inflow prediction

1. Introduction

For deep-buried mountain tunnels in rich water areas, if design or construction is
improper, groundwater will continue to pour into a tunnel throughout its construction
and operation period, destroying the surface environment and affecting the durability
and stability of the tunnel structure [1–5].Considering factors such as structural safety and
ecological environment, tunnels in high water level areas mostly adopt the waterproofing
and drainage design criteria of “mainly blockage, limited discharge” [6–8]. Presently, the
prediction of tunnel water inflow and the calculation of structural external water pressure
are very important for the design of waterproofing and drainage of deep-buried mountain
tunnels in high water level areas. The permeability coefficient is an important factor that
affects prediction accuracy. Surrounding rock is often heterogeneous due to the coupling of
ground stress and excavation disturbances; therefore, studying the influence of surrounding
rock heterogeneity on tunnel water inrush has important theoretical significance and
engineering application value.

The literature [9–16] regards the permeability coefficient of surrounding rock as a
fixed value, and has deduced the calculation formula of tunnel water inflow, analyzed
the water blocking mechanism of a grouting circle, and provided a theoretical basis for
the design of the grouting circle. In the research on the influence of the heterogeneity
of surrounding rock on water inrush in a tunnel, Reference [17] considered the water
gushing condition of a tunnel when complex hydrogeology is involved. The authors of [18]
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calculated the influence of changes in hydraulic conductivity on the calculation of inrush
water. Reference [19] derived a calculation formula of water inflow for underwater tunnels
based on the constructed water inflow calculation model. The authors of [20] analyzed the
damage of surrounding rock induced by engineering disturbances and their influence on
the permeability of rock mass. Assuming that the permeability coefficient of a damage zone
is a fixed value, the influence of the change in the surrounding rock structure on tunnel
water inrush and external water pressure were studied using a theoretical analysis method.

In summary, scholars have conducted extensive research on the prediction of water
inflow and external water pressure, but the prediction methods are all based on the premise
of homogeneous or layered homogeneity of the surrounding rock. In actual engineering,
the permeability coefficient of surrounding rock is often affected by excavation disturbance
and ground stress, and presents heterogeneity, it also changes gradually with spatial
position coordinates. Based on this, this paper considers the spatial dispersion of the
permeability coefficient of surrounding rock with the influence of depth and excavation
disturbance, and constructs a one-dimensional seepage calculation model in the vertical
section. The calculation formula for the water inflow and the structural head was derived
and carried out for degradation verification, in order to make meaningful attempts to
supplement the prediction and calculation methods of the water inflow and the external
water pressure of the structure.

2. Permeability Calculation Model

The permeability coefficient is an index that comprehensively reflects the permeability
of surrounding rock, and the correct determination of its value is of great significance to
the calculation of water gushing. The literature [21,22] shows that, under the influence
of in situ stress, the pore structure of surrounding rock continuously decreases with the
increase of in situ stress, and the permeability coefficient of surrounding rock generally
decays in a negative exponential curve with burial depth. At the same time, surrounding
rock is damaged by excavation and produces a disturbance zone. The literature [23–26]
found that the permeability of surrounding rock in the disturbance zone will increase by
orders of magnitude after a tunnel is excavated via field measurement of the permeability
of the surrounding rock of a tunnel. According to the authors of [27], it is assumed that
the permeability coefficient of surrounding rock in a disturbance zone changes linearly
and gradually with the radial distance from the tunnel. The spatial expression of the
permeability coefficient of the surrounding rock on one side of a tunnel is:

k =

{
meny x >l + t; l < x < l + t, y > t

(m0 + ax)eny l < x < l + t, 0 < y < t
(1)

m0 is the equivalent permeability coefficient of the tunnel axis position affected by the
excavation disturbance; n reflects the variability of the permeability coefficient of surround-
ing rock under the influence of ground stress; a reflects the variability of the permeability
coefficient of the surrounding rock under the influence of excavation disturbance.

Based on this, considering the coupling effects of ground stress and excavation distur-
bance, a simplified spatial model of the permeability coefficient of the surrounding rock is
established, as shown in Figure 1.
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Figure 1. Space simplified model of permeability of surrounding rock.

In Figure 1, the length of the disturbance zone is AB, the width is AD, and the radial
distance between the edge of the disturbance zone and the tunnel is l.

It is assumed that the buried depth of the tunnel is 100 m; the equivalent permeability
coefficient of the tunnel axis position affected by excavation disturbance is 5× 10−8m/s;
the permeability coefficient of the undisturbed zone is 10−8m/s; the coefficient of variation
of the permeability coefficient of the surrounding rock under the influence of in situ stress
is 0.01. The distribution of permeability coefficient of surrounding rock within 200 m
horizontal distance from the tunnel is shown in Figure 2.
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Figure 2. Spatial gradual change curve of permeability of surrounding rock.

3. Theoretical Calculation and Result Verification
3.1. Establishment of Water Gushing Model

During the construction of a tunnel, drainage of groundwater will cause the ground-
water level to drop and damage the ecological environment of the tunnel site. After a long
period of constant flow pumping, the diving surface forms a relatively stable drop funnel
near the tunnel, with a shape similar to an inverted cone [28,29].

Assuming that the initial water level is H, the inner and outer diameters of the tunnel
support structure are r0 and r1, the thickness of the grouting reinforcement ring is l − r1,
and the tunnel seepage volume is q, when seepage is stable. When tunnel drainage is stable,
the diving flow can be regarded as a steady flow. Ignoring replenishment along the tunnel
axis, the phreatic flow can be regarded as a one-dimensional flow, and the tunnel drainage
calculation model is established, as shown in Figure 3.
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Figure 3. Tunnel drainage calculation model.

In Figure 3, C shows the position of the influence radius in the tunnel cross section
when seepage is stable; B, A, E and F, respectively, indicate the outer edge of the disturbance
zone in the tunnel cross section, the outer edge of the grouting ring, the outer edge of the
supporting structure and outer edge of supporting structure and inner edge of supporting
structure. Areas FE, EA, AB and BC represent the supporting structure, grouting circle,
disturbance zone and ordinary surrounding rock section, respectively, and the permeability
coefficients of each area are ks, kg, kd and kr, respectively. Among them, areas FE and EA
are regarded as homogeneous media without considering the discrete type of permeability
coefficient; area AB is a disturbance zone, and the permeability coefficient of surrounding
rock is affected by two factors of excavation disturbance and in situ stress; area BC is
only affected by in situ stress. The surrounding rock is considered to be layered and
homogeneous, and the permeability coefficient increases with the increase in the vertical
distance from the tunnel. The permeability coefficient of the surrounding rock in section
AB and BC is determined by Equation (1).

3.2. Calculation of Water Pressure outside the Structure

According to the theory of groundwater mechanics, when seepage is stable, the
expression of the seepage differential equation is [30,31]

d
dx

(kh
dh
dx

) + w = 0 (2)

In Formula (2), k is the medium permeability coefficient; w is the vertical infiltration
replenishment strength at the top of the tunnel; and h is the head height of any section x.

According to the simplified calculation model established in Figure 3, using boundary
conditions, the head pressure of each area is calculated in turn.

3.3. Area FE

Area FE is a supporting structure with a fixed permeability coefficient. It is assumed
that the height of the water head at the inner edge of the supporting structure is hF. It can
be seen from Figure 3 that the abscissas of the section and location are r0, r1, respectively.
The seepage volume from supporting structure F into the tunnel at the section is q

2 − r0w,
then the region FE seepage differential equation is

ks
d

dx (h
dh
dx ) + w = 0

q
2 − wr0 = ksh dh

dx |x→r0 h|x→r0 = hF

}
(3)

The solution is

h2 = −w
ks

x2 +
q
ks

x +
wr0

2 − qr0

ks
+ hF

2 (4)

Then, the head height at section E is expressed as

hE
2 =

r1 − r0

ks
(q− w(r1 + r0)) + hF

2 (5)
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3.4. Area EA

Area EA is a grouting structure, the permeability coefficient is fixed, the cross-section
E and the abscissa A are r1 and l, respectively, and the seepage volume from grouting
structure E into the tunnel support structure at the cross-section is: q

2 − r1w, then, the
seepage of EA region differential equation is

kg
d

dx (h
dh
dx ) + w = 0

q
2 − wr1 = kgh dh

dx |x→r1 h|x→r1 = hE

}
(6)

then the solution is

h2 = − w
kg

x2 +
q
kg

x +
wr1

2 − qr1

kg
+ hE

2 (7)

Combining Equations (5) and (7), the head expression of region EA is

h2 = − w
kg

x2 +
q
kg

x +
wr1

2 − qr1

kg
+

r1 − r0

ks
(q− w(r1 + r0)) + hF

2 (8)

Furthermore, the expression of the water head at the outer edge of the grouting circle
hA is calculated as

hA
2 =

l − r1

kg
(q− w(l + r1)) +

r1 − r0

ks
(q− w(r1 + r0)) + hF

2 (9)

3.5. Area AB

Area AB is the excavation disturbance area, and the permeability coefficient is affected
by the coupling of excavation disturbance and ground stress. Combining Formulas (1) and (2)
together, the regional seepage differential equation of region AB is

∫ h

0
(m0 + ax)eny dh

dx
dy + wx =

q
2

(10)

The general solution of Equation (10) is

enh

n2 −
h
n
= −w

a
x +

qa + 2wm0

2a2 ln(ax + m0) + C1 (11)

Equation (11) is the integral constant. Using boundary A as the conditions at the
section, the solution expression of C1 is

C1 =
enhA

n2 −
hA

n
+

w
a

l − qa + 2wm0

2a2 ln(al + m0) (12)

Substituting Formula (12) into Formula (11), the head function expression of region
AB is

enh

n2 −
h
n
= −w

a
x +

enhA

n2 −
hA

n
+

w
a

l +
qa + 2wm0

2a2 ln
ax + m0

al + m0
(13)

Then the expression of the head height at section B is

enhB

n2 −
hB

n
= −w

a
t +

enhA

n2 −
hA

n
+

qa + 2wm0

2a2 ln
a(l + t) + m0

al + m0
(14)
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3.6. Area BC

Area BC is the ordinary surrounding rock section A, the permeability coefficient is
only related to the buried depth, and the seepage differential equation is

∫ h

0
meny dh

dx
dy + wx =

q
2

(15)

The general solution of Equation (15) is

enh

n2 −
h
n
=

q
2m

x− w
2m

x2 + C2 (16)

In Equation (16), C2 is the parameter, which can be solved by the boundary conditions.
The boundary conditions at the section C

hC

∣∣∣x= q
2w

= H (17)

Substituting Formula (17) into (16), the expression of C2 is

C2 =
enH

n2 −
H
n
− q2

8mw
(18)

Substituting Formula (18) into Formula (16), the head function expression of calcula-
tion area BC is

enh

n2 −
h
n
=

q
2m

x− w
2m

x2 +
enH

n2 −
H
n
− q2

8mw
(19)

Then, expression hB is

enhB

n2 −
hB

n
=

q
2m

(l + t)− w
2m

(l + t)2 +
enH

n2 −
H
n
− q2

8mw
(20)

3.7. Calculation of Tunnel Water Inflow

Combining the vertical Formulas (14) and (20), the result obtained is

enhA − enH

n2 − hA − H
n

+
qa + 2wm0

2a2 ln
a(l + t) + m0

al + m0
=

l + t
2m

[q− w(l + t)]− q2

8mw
+

w
a

t (21)

Combining Equations (9) and (21), using the design or on-site measurement of the
water head height of the inner edge of supporting structure hF, the expression of the tunnel
water inflow q can be solved. At this time, the expression of water inflow q is an implicit
transcendental equation, which is difficult to analytically solve. It can be obtained using
numerical methods.

3.8. Degradation Analysis

Using Taylor series expansion theorem [32], the result is

enh

n2 −
h
n
=

1
n2 +

1
n

+∞

∑
i=2

ni−1hi

i!
(22)

Substituting Formula (22) into (19), the result is

1
n

+∞

∑
i=2

ni−1hi

i!
=

q
2m

x− w
2m

x2 +
1
n

+∞

∑
i=2

ni−1Hi

i!
− q2

8mw
(23)
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Equation (23) is the head function expression when only considering the permeability
coefficient of surrounding rock affected by in situ stress. When n = 0, m = kr Formula (23)
degenerates into

h2 = −wx2

kr
+

qx
kr

+ H2 − q2

4krw
(24)

Comparing Equation (24) with Equations (4) and (7), the difference between the
three equations is only the permeability coefficient of each structure and the parabolic
constant term. The structural permeability coefficient is determined by the properties of
the three regions, and the constant term is determined by the boundary conditions. That
is, Formula (23) can be degenerated into the head potential function expression without
considering the permeability coefficient of the surrounding rock changing with the ground
stress: (4) and (7), which verifies the rationality and correctness of the derivation to a
certain extent.

Substituting Formula (22) into (14), the result is

1
n

+∞

∑
i=2

ni−1hi

i!
= −w

a
x +

1
n

+∞

∑
i=2

ni−1hA
i

i!
+

w
a

l +
qa + 2wm0

2a2 ln
ax + m0

al + m0
(25)

By using Taylor’s formula, then the results obtained are

ln(x+1) =
∞

∑
i=0

(−1)i

i + 1
xi+1 (26)

Substituting Equation (26) into Equation (25), the result is

1
n

+∞

∑
i=2

ni−1hi

i!
= −w

a
x +

1
n

+∞

∑
i=2

ni−1hA
i

i!
+

w
a

l +
qa + 2wm0

2a2

∞

∑
i=0

[
(−1)i

i + 1

(
ax− al
al + m0

)i+1
]

(27)

Equation (27) is the head function expression considering the permeability coefficient
of surrounding rock is simultaneously affected by the coupling of excavation disturbance
and ground stress. When a = 0, m0 = m, Formula (27) degenerates into

1
n

+∞

∑
i=2

ni−1hi

i!
=

1
n

+∞

∑
i=2

ni−1hA
i

i!
− x2

2m
− l2

2m
+

xl
m

(28)

Comparing Equations (28) and (23), the difference between the two equations is only
the symmetry axis of the parabola and the constant line, which is affected by the abscissa of
the boundary and the height of the water head. Therefore, Equation (13) can be degenerated
into Equation (19) that does not consider the influence of the surrounding rock permeability
coefficient on excavation disturbance, and Equation (19) is the special working condition
derived from Equation (13).

After degradation analysis, the head expression for the permeability coefficient of the
surrounding rock as a fixed value is considered as the special case of this article considering
the permeability coefficient of the surrounding rock is affected by the in-situ stress; The limit
condition of the influence of ground stress and excavation disturbance on the permeability
coefficient of surrounding rock verifies the correctness of the formula derivation in this
paper to a certain extent.

4. Parameter Sensitivity Analysis

Assuming that the tunnel radius r0 is 6 m, the thickness of the supporting structure
is 0.8 m, the thickness of the grouting circle is 4 m, the permeability coefficient of the
undisturbed zone of the surrounding rock at tunnel axis m is 5× 10−8m/s, and ratio m
and kg is 20, and the ratio m and ks is 5, the initial water level H is 200 m, and the rainfall
infiltration replenishment strength W is 0.0035 m/d. Based on the formula derived in
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Section 2, the influence of various relevant parameters on the height of the regional water
head is analyzed.

4.1. Influence of Excavation Disturbance on External Water Pressure of Structure

Assuming that the ratio of permeability coefficients between points A and B is T;
the variation value of the permeability coefficient of the surrounding rock affected by the
ground stress n is taken as 0.02; the water inflow q is 3 m3/d/m when the seepage is stable.
Using Formulas (13) and (21), the water head at each position in the disturbance zone is
calculated, and the curve is drawn in Figure 4.
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Figure 4. Water head curve at the location of the disturbance zone.

Figure 4 shows that when considering the linear change of the permeability coefficient
in the disturbance zone, the permeability coefficient of the water head in the disturbance
zone increases, the water blocking capacity is weakened, and the head loss decreases,
which leads to an increase in the head height of each section, but the sensitivity decreases
with the increasing T.

Solve Equations (9) and (21) together, and calculate the water head height of the inner
edge of the supporting structure hF, and the curve is shown in Figure 5.
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Figure 5 shows that the water head height of the inner edge of the supporting structure
first increases sharply with the increase of the parameters T, and then tends to be stable.
When the excavation disturbance changes the permeability coefficient of the surrounding
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rock to an order of magnitude, the relationship between the water head height at the
inner edge of the supporting structure and the degree of the permeability coefficient of
the surrounding rock in the disturbance zone is weak. At the same time, the height of the
water head at the inner edge of the supporting structure increases with the increase of the
disturbance area.

When ignoring the influence of excavation disturbance on the permeability coefficient
of surrounding rock, the calculated value of the water head height at the outer edge of
the grouting ring and the inner edge of the supporting structure is too small. In the actual
project, the tunnel structure is eroded by high water pressure for a long time, and the
durability and stability are reduced. Therefore, the construction level should be improved,
the degree of damage to the surrounding rock of the tunnel should be reduced, the radial
damage distance to the surrounding rock should be reduced, and the thickness of the
grouting ring can be appropriately increased when it is necessary to achieve the purpose of
protecting the tunnel structure.

4.2. The Influence of Ground Stress on the External Water Pressure of the Structure

Using the parameters in Section 3.1., according to Formula (19), the water head at each
position of the ordinary surrounding rock section is calculated, and the curve is drawn in
Figure 6.
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Figure 6 shows that the height of the water head at each position of the ordinary
surrounding rock section increases with the increase of the permeability coefficient of
the surrounding rock by the in situ stress variation parameter n. When the variation
parameters n are ignored, the water blocking capacity of the surrounding rock is improved,
the head loss is increased, and the structure is in a disadvantageous state.

Excavation disturbance, ground stress, tunnel support structure and grouting circle
will all cause the permeability of surrounding rock to change to varying degrees, and
then affect the water resistance of surrounding rock. The difference is that the excavation
disturbance, the tunnel support structure and the grouting circle are artificially changed,
and the in situ stress affects the original permeability coefficient of the surrounding rock.
The influence of various factors on the permeability coefficient of surrounding rock should
be considered in the design of tunnel supporting structure and waterproofing and drainage,
so as to reduce the probability of prediction distortion.
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5. Case Analysis
5.1. Engineering Background

The left and right holes of Hongtu Tunnel are 6336 m and 6337 m long respectively,
the ground elevation is 245–1060 m, the design elevation of the tunnel bottom is 239–344 m,
and the maximum buried depth is about 739 m. It is a deep-buried super long mountain
tunnel. It is located in the Lianhuashan fault zone, Jixinshan fault, NW-trending fault,
and Tongziyang syncline area affected by regional large faults, with violent folds and
well-developed faults. There are 26 faults. At the same time, the Hongtu Tunnel is adjacent
to Feiquan Power Station, Feiquan Reservoir, and Sandu Reservoir, and passes through
Huangmian Lake Reservoir. Some faults are connected to large water bodies, and the risk
of water inrush is extremely high, the topography of the whole section and the tunnel
structure at the entrance section are shown in Figure 7.
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Large water gushing occurred during the construction of the two sections of the
tunnel, as shown in Figure 8. The average flow rate at the outlet end is 9592 m3/d, and the
maximum flow rate is nearly 20,000 m3/d. During the construction process at the inlet end,
the high-pressure water will top-down the down-the-hole drill, and the double-hole water
inflow can be as high as 100,000 m3/d, as shown in Figure 9, and the starting position of
the tunnel is k89–392.
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Figure 9. Relationship between water inflow and station. 
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Figure 8. Drainage and flow monitoring.
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Figure 9. Relationship between water inflow and station.

An intelligent string-type digital piezometer is embedded in the initial support of the
corresponding mileage pile number. The osmotic pressure measurement range is 1.0 MPa,
and the sensitivity is 0.001 MPa. The on-site embedment and measurement are shown in
Figure 10.
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5.2. Parameter Selection

The curved wall tunnel section with inverted arch is closer to a circle. According to
the literature [33], the tunnel section is assumed to be circular at this time, and the error is
generally within an acceptable range. In this paper, the radius of the circumscribed circle
of the tunnel section is taken as the equivalent circle radius, and the expression is [34]

r0 =

√
4h2 + d2

4 cos(arc tan( d
2h ))

(29)

In Formula (29), r0 is the radius of the original tunnel after equal circle treatment; d is the
cross-section span of the original tunnel; h is the cross-section height of the original tunnel.

In order to verify the correctness of the solution in this paper, a large area of water
gushing in a certain section of the construction is selected for analysis. The calculated
equivalent circle radius r0 is 6.2 m. Comprehensive consideration of the initial support and
secondary lining is 80 cm. There are few data on the influence of excavation disturbance on
the permeability coefficient. The paper ignores the change of the permeability coefficient of
the surrounding rock in the shallow buried section of the tunnel entrance with the buried
depth is ignored, and the permeability coefficient of the surrounding rock is regarded as
only related to the excavation disturbance. According to the measured water inrush data
at the tunnel entrance, using Formulas (9) and (21), the numerical value of the influence of
excavation on the permeability coefficient is inverted, and the numerical value is applied
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to the deep buried section. Combining the design institute and field test and construction
experience, the values of each parameter are shown in Table 1. The permeability coefficient
of the supporting structure takes the effects of the circumferential and longitudinal drainage
pipes into account, and its value refers to the calculation method in References [35,36].

Table 1. Parameter values.

kg(m/s) ks(m/s) m(m/s) m0(m/s) T t/m n l/m H/m hF/m w(m/d)

10−8 2.5× 10−9 5× 10−8 4× 10−6 5 20 0.02 10.8 200 38 0.0035

5.3. Result Analysis

Using the data in Table 1, simultaneously, Equations (9) and (21) calculate the theoreti-
cal water inflow to be 2.96 m3/d/m, and the measured water inflow to be 3.41 m3/d/m,
with an error of 13.2%. If the influence of excavation disturbance and ground stress on the
permeability coefficient of surrounding rock is not considered, the calculated theoretical
water inflow is 2.48 m3/d/m, and the error from the actual measurement is 27.3%. That
is to say, considering the influence of ground stress and excavation disturbance on the
permeability coefficient of surrounding rock, the calculation error of water inflow can be
reduced from 27.3% to 13.2%, which improves the accuracy of water inflow prediction
and it verifies the rationality of the model constructed in this article and the correctness
of the formula derivation to a certain extent. The prediction error is mainly caused by the
approximate replacement of the equivalent circle and the actual seepage near the tunnel is
a two-dimensional flow, which is caused by ignoring the vertical seepage in the calculation.

6. Conclusions

Considering the influence of excavation disturbance and in-situ stress, a space progres-
sive dispersion model of the permeability coefficient of surrounding rock is constructed,
and the calculation formulas for water inflow and external water pressure of the structure
are derived, and the analytical formulas are degraded and verified by using Taylor formula
and series expansion theorem. Finally, the correctness of the model and formula derivation
is verified by comparing with the field measured data. The specific conclusions are:

1. The calculation expressions for the water inflow and the external water pressure of
the structure are derived when considering the heterogeneity of the surrounding rock,
and the calculation results can be degenerated into the calculation expressions for the
water inflow and the external water pressure of the structure when the permeability
coefficient is fixed;

2. When ignoring the excavation disturbance and the influence of ground force, the
calculated value of the water head height assumed by each structure is too small,
which is not good for the safety of the structure;

3. Through the analysis of calculation examples, considering the influence of excavation
disturbance and ground stress on the permeability coefficient of surrounding rock,
the prediction accuracy of water inflow can be improved. The influence of various
factors on the permeability coefficient of surrounding rock should be considered in
the design of tunnel supporting structure and waterproofing and drainage, so as to
reduce the probability of prediction distortion.
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