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Abstract: The disaster of water gushing is very liable to occur when tunnels are built in the water-rich
fracture structures in igneous rock areas. Different sources of water gushing result in different sizes
of disaster. The safety of human life and property are in danger. For the prediction of water gushing
in tunnels, the fuzzy clustering method was used to determine the source of the water gushing in this
paper. The problem of subjectivity in traditional identification methods was solved by this method.
On the basis of the fuzzy clustering method, dynamically changing parameters of the effective radius
of the water gushing were introduced and regressed with the dynamic monitoring data and the
hydrogeological survey results in an improved method for predicting water gushing. Then, an
improved method for predicting water gushing, considering the source, was proposed. A deep
underground, extra-long tunnel under construction in the igneous region of southern China was used
to verify the soundness of this improved method. Research results showed that the water gushing
into the tunnel had a low correlation with surface water with a similarity index of λmin = 0.3967
in the results of the second test. The water came mainly from within the rock mass. The effective
radius were jointly determined by the average thickness of the rock aquifer and water gushing time,
together with a positive correlation. The period of water gushing was divided into three stages. The
predictions had a good accuracy rate with an error of 10% or less. These results could provide a
reference and theoretical support for site construction.

Keywords: deeply buried mountain tunnel; fault; fuzzy clustering method; effective radius of water
gushing; dynamic prediction of water gushing

1. Introduction

Mountain tunnels often have to cross fracture zones and karst areas, where undesirable
geological bodies are hidden and construction conditions in mountainous areas are far
more complex than those in urban areas [1]. During construction, the site is frequently
exposed to hazards, such as water gushing [2,3]. In particular, when deeply buried tunnels
cross water-rich fracture zones, large amounts of high-pressure groundwater will rush into
the tunnel through the fracture zones in a short period of time. The lives and property of
workers will be at risk [4], and the local ecology will be negatively affected [5–7].

Aiming at the problem of water gushing caused by water-rich fracture tectonic
zones, scholars have carried out various types of approaches to model predictions for
tunnels [1,8–10]. Zhang et al. [11] believed that the dynamic characteristics of groundwater
can be replicated by in-situ monitoring and numerical simulation to predict tunnel gushing.
Sun et al. [12] analysed the formation and evolution of water gushing channels on deeply
buried faults using Comsol software, which has positive implications for the prediction of
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water gushing on faults. Li et al. [13] applied numerical simulations to show the charac-
teristics of water gushing in the excavation phase based on electromagnetic geophysical
prospecting. Based on the Darcy–Brinkman flow equation, Wu et al. [14] explores the
behaviour of groundwater flow in faults to obtain the evolution of pore pressure and
flow velocity at different locations, which provides a reference for the prediction of water
gushing in fractured tectonic zones. In addition, it is important to determine the source
of water in the process of predicting the amount of water gushing [15,16]. This supports
engineers in predicting the size of the water gushing. The fuzzy clustering method and the
hydro-geochemistry method could also be used to identify the source of water gushing,
even though they were more commonly employed for groundwater quality monitoring,
such as the work performed in reference [17]. Wang et al. [18], Chen et al. [19], and others
analysed the data from the above method and identified the source of water gushing in
subterranean space. Kang et al. [20] applied a fuzzy clustering method and the hydro-
geochemistry method to identify the source of water gushing and provide data support for
the prediction of water gushing.

In general, various new methods for the prediction of water gushing have progressed
considerably in terms of depth of research, but not enough attention has been paid to the
identification of sources of water gushing. In practice, the fuzzy clustering method and the
hydro-geochemistry method are rarely used in combination to identify the source of water
gushing. The results derived from the hydro-geochemistry method rely more on the experi-
ence of the engineers to analyse and judge, and do not apply the fuzzy clustering method
scientifically. Meanwhile, less research has been carried out on areas of fractured tectonic
zones with developing groundwater in igneous rocks, which are hard and stable [21,22]
and, as such, are often considered ideal areas for underground construction. At this stage,
the applicability of the new methods is limited by the limitations and complexity of geolog-
ical investigation techniques [23,24]. Indeed, there are fewer theoretical studies on bedrock
fracture water flow in deep alpine layers, fewer hydrogeological tests conducted in the
field [25], and the high cost of trials is an obstacle to their application. In addition, engineers
prefer to apply traditional methods of prediction, in which the effective radius of the water
gushing is regarded as a fixed value by traditional methods and the flow field in the tunnel
site area is also simplified in general terms. Admittedly, they are intuitive and simple, but
large deviations are often found. Similarly, the identification of the source of water gushing
is mainly dependent on the analysis of geological survey data by experienced engineering
personnel in the traditional approach. The process is highly subjective and poorly suited
to complex processes [26]. Survey data from construction sites should be analysed using
more scientific and effective methods.

Hence, the method used in this study improves on them for the prediction of water
gushing in the tunnel to make up for their shortcomings. Ultimately, there is a more
accurate set of methods for water gushing in deep underground, extra-long tunnels in
igneous areas. In this study, the improved method could meet the needs of the project.
The analysis of the sources had been given more emphasis, as well as the complex aquifer
structure, which could be simplified to some extent. A deep underground, extra-long
tunnel under construction in an igneous region of southern China was used as the research
object. With the help of the hydrogeological survey results of the water-rich fracture zone
in the pre-construction period and the monitoring data of water gushing in the excavation
period, the fuzzy clustering method was used to determine the source of water gushing.
The water gushing caused a strong drop in groundwater level in the tunnel site area. By
analysing the characteristics of water gushing within a rainfall cycle, the pattern of change
in the effective radius of the groundwater fall funnel could be investigated. Based on
curve-fitting means, a predictive model can be constructed for the amount of water that can
be predicted in a tunnel project across a fracture zone. Some of the references are provided
by the above model for subsequent works of the same type.
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2. Fuzzy Clustering Method

A fuzzy matrix is constructed by the fuzzy clustering method based on the structure
and changing characteristics of the data, and they are classified and divided according to
the transfer closure method. A finite theoretical domain U with n samples and a fuzzy
assessment set V with m assessment values are assumed. Here, U and V can be expressed
by Equations (1) and (2) [27,28], as follows:

U = {u 1, u2, · · · , un}, (1)

V = {v 1, v2, · · · , vm}. (2)

The original data matrix Z is built up according to U and V. Here, Z is defined as
follows:

Z =

z11 · · · z1m
...

. . .
...

zn1 · · · znm

, (3)

where znm is the value of the m-th assessment indicator for the n-th sample. Based on the
raw data obtained, the three steps of the fuzzy clustering method are executed as follows:

Step 1. Standardisation of the original data matrix Z. The original data matrix Z was
standardised by the following Equation (4):

z′ ik =
zik − 1

n

n
∑

i=1
zik√

1
n

n
∑

i=1
(zik − 1

n

n
∑

i=1
zik)

2
, (4)

and the following Equation (5) [29,30]:

z′′ik =
z′ik −min z′ik

max z′ik −min z′ik
. (5)

The standardisation matrix Z′′ was obtained, which could be expressed as follows:

Z′′ =

 z′′11 · · · z′′1n
...

. . .
...

z′′m1 · · · z′′mn

; (i = 1, 2, · · · , n; k = 1, 2, · · · , m). (6)

Step 2. Construction of fuzzy similarity matrix. The fuzzy similarity matrix C =
[
cij
]

nm
was obtained from the above Z′′ using the following Equation (7):

ci j = 1−
m
∑

k=1

∣∣∣z′′ik− z′′jk
∣∣∣

ci j = cji
cii = 1

. (7)

According to the squared self-synthesis method, the matrix C was squared by the
following: {

Cσ ◦ Cσ = C2σ(σ = 1, 2, · · · · · · )
c2

i j = ∨m
k=1

(
cik ∧ cjk

) . (8)

to obtain the fuzzy equivalence matrix C∗ =
[
c∗ij
]

nm
, where ∨m

k=1 represented the selection
of the item with the largest value among the m numbers; ∧ represented the selection of
the one with the smallest value among the m numbers; σ was a natural number. When
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C2k = C2(k+1), C2k was already transmissible, at which point C∗ = t(C) = C2k was satisfied.
Then, the fuzzy equivalence matrix C was identified.

Step 3. Cluster analysis. There existed a similarity index λ as a threshold for sample
similarity classification, by which the samples could be classified into several classes.

The classification criteria in this paper were simplified based on the criteria proposed
by Yang et al. [31]. When λ ∈ [0, 1], the value of λ would directly affect the accuracy of
the classification. If λ > 0.6, the samples were considered correlated. Furthermore, if
0.3 � λ � 0.6, they were considered to be weakly correlated with each other. Then, if
λ < 0.3, they were considered uncorrelated.

3. Prediction of Water Gushing in Tunnels

When tunnels are built through the water-rich fracture structures in igneous rock
areas, the amount of water gushing in tunnels will occur in each day of excavation. If the
effects of the unexcavated section of the tunnel far from the tunnel face are always taken
into account in the calculations, that will cause large calculation errors in the prediction of
water gushing. At this point, the combined effect of the areas of water-rich fault fracture
zones and construction factors should be considered. The constructed tunnel sections and
those, where the aquifer is disturbed, are segmented for the prediction of water gushing [7].
The tunnel is divided into N sections, and the daily excavation gushing can be set as Q. The
calculation formula is given in Equation (9), as follows:

Q =
N

∑
n=1

Qn. (9)

The water gushing in the tunnel is generally derived into two major parts. One is from
water released from bedrock fracture water, and the other is from the infiltration of rainfall.
They are expressed with reference to Equation (10), as follows:

Q = Wn(1) + Wn(2), (10)

where Qn is the total water gushing in the n-th section of the tunnel, m3/d; N is the total
number of sections of tunnel that have been constructed in a given period and in which the
aquifer has been disturbed; Wn(1) is the amount of water released from bedrock fractures,
m3/d; Wn(2) is the amount of rainfall infiltration, m3/d. An example of a tunnel section
division is shown in Figure 1.
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Figure 1. Example diagram of a tunnel section.

When all the water is released from the bedrock fractures, Wn(2) = 0. Conversely,
when the water is infiltrated by rainfall, Wn(1) = 0. If both of these are deemed to exist,
Wn(1) and Wn(2) continue to be determined in the following manner.

With a well-developed fracture network and good permeability, the aquifer in the
tunnel site area is large in scale, and the storage capacity of water from bedrock fracture
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is huge. The water released from bedrock fracture can be calculated by the groundwater
drainage method. It can be expressed as Wn(1), which is calculated by the following
Equation (11) [32,33]:

Wn(1) =
µLn HnRn

T
, (11)

where µ is the specific yield of rock; Ln is the length of the n-th segment, m; Hn is the
average thickness of the aquifer above the n-th tunnel section, m; Rn is the n-th section of
effective radius of water gushing, m; T is the duration of the water gushing, d.

Additionally, the replenishment of groundwater in the tunnel site area by rainfall
should not be overlooked. Water on the surface will infiltrate into the bedrock along weath-
ered rock layers and fault fracture zones [34,35]. With regard to the infiltration of rainfall,
the effect of rainfall on water gushing can be represented by the following equations:

Wn(2) = 0.00274αhS, (12)

S = 2LnRn, (13)

where α is the coefficient of infiltration; h is the average annual rainfall, m; S is the catchment
area, m2.

In the previous method of rainfall infiltration, a fixed catchment area is used to
calculate the amount of water gushing in the tunnel, which was expressed as the effective
radius of water gushing and the length of the tunnel construction. With a fixed total tunnel
length, the accuracy of Rn will directly affect the accuracy of Q. However, complex changes
will arise in the groundwater seepage field during the long-term construction process. As a
result, Rn is constantly changing. The parameter µ is a characteristic parameter of the rock
mass and Ln is a characteristic parameter of the tunnel. Both of them are relatively stable.
The two parameters Hn and T are, therefore, used to reflect the evolution of Rn, as follows:

Rn = R(T, Hn). (14)

For the purpose of this study, the principles of the water equilibrium method are
followed. The study area is assumed to be as follows:

1. There is no change in the specific yield of rock above the tunnel, and groundwater is
continuously replenished into the rock along the fracture structure;

2. There is no change in the hydraulic connection between the rock aquifers in the
tunnel site area for a certain period of time. It is only related to the inherent geo-
logical structure, but the tectonic fissures can still change in the case of prolonged
groundwater flow;

3. There is no abrupt change in the groundwater head in the tunnel site area within a
certain period of time, and it is in a basically stable state;

4. The tunnel is not directly affected by the water system and bedrock fissure water
below the elevation where the tunnel is located;

5. Due to the presence of tectonic fissures, the hydraulic connection between neighbour-
ing rock masses is kept stable and, at the same time, they interact with each other. The
Rn between adjacent rock sections is slowly changing in a gradient.

4. Case Study
4.1. Background

The highway tunnel under construction studied in this paper is located in Guangdong
Province in southern China. It is over 6300 m long and has a maximum depth of 740 m.
The tunnel site area is located in a tectonic uplift erosion and denudation low mountain
landscape. The stratigraphic lithology of the tunnel site area is mainly Jurassic felsic tuff,
Jurassic andesite, and Yanshanian granite. The stratigraphy ranges from new to old, as
follows: the Quaternary Pleistocene alluvium (Q4

al+pl), the Quaternary deluvial soils and
eluvial soils (Qdl+el), and the Upper Jurassic Gaojiiping group (J2+3gjb), etc. The site area
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is influenced by the Lotus Mountain deep rift zone. The tunnel crossed a zone of fracture
tectonic development with secondary fractures and joints. The rock in the tunnel site area
is fractured, which is shown in Figure 2 [36].
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Figure 2. Distribution of fracture structures in the tunnel site area (1:10,000).

The local water resources are abundant, with an average annual rainfall of 1865.6 mm.
The results of the hydrogeological survey show that the groundwater in the tunnel site
area is mainly supplemented by rainfall. The groundwater types are divided into loose
rock pore water and bedrock fracture water. During the construction, a large amount of
high-pressure water gushing poured into the tunnel and threatened construction safety, as
shown in Figure 3.
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4.2. Fuzzy Clustering Method for Identification of the Source of Water Gushing

Due to the high pressure and high flow of water gushing in the excavation phase
of the tunnel, the source of water gushing in the tunnel needs to be understood urgently.
It is important that the source of water gushing is accurately identified for predicting
the amount of water gushing. Data from water samples can be analysed and processed
efficiently by fuzzy clustering methods. Samples with a high degree of similarity between
them will be classified into one category. These samples from around and inside the tunnel
will be differentiated as to whether they originate from the same source. The igneous
rocks are relatively rich in minerals. The physicochemical properties of the samples can be
derived from tests. The relationship between the samples inside and around the tunnel
can be determined with the use of fuzzy clustering analysis [37]. During construction, 14
water samples were taken for testing indoors and analysis, including 10 samples of water
gushing in the tunnel for the first time, as well as 4 samples of surface water in the tunnel
site area for the second time. The specific implementation steps of this study are as follows:
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Step 1. Ten samples of water gushing were analysed by the hydro-geochemistry
method. Testing indicators included redox potential, pH, TDS content, conductivity, and
water temperature (sample water temperature was measured during field sampling). There
were also quantitative elemental characteristics, such as Cl−, SO4

2−, HCO3
−, Ca2+, K+,

Mg2+, and Na+. Some test results for the 10 samples from the tunnel are shown in Table 1.

Table 1. Water quality characteristics of ten water gushing samples.

Sample Sampling Locations Redox Potential
(mV) pH TDS

(mg/L)
Conductivity

(µs/cm)
Temperature

(◦C)

S1 Walls at K91 + 210 −62.2 8.51 112 174.7 23.5
S2 Walls at K91 + 273 −16 6.85 127 199.1 23.9
S3 Walls at K91 + 300 −15 6.75 128 199.8 24
S4 Walls at K91 + 310 −47.6 7.9 129 201 23.7
S5 Walls at K91 + 314 −35 7.49 127 197.9 23.9
S6 Top of tunnel at ZK94 + 299 −43 7.73 117 182.8 23
S7 Top of tunnel at ZK94 + 250 −98 8.68 120 188.8 23.7
S8 Top of tunnel at ZK94 + 245 −130 9.15 99 154.9 23.8
S9 Walls at ZK94 + 188 −153.3 9.63 122 189.6 23.7

S10 Walls at ZK94 + 198 −105 8.7 123 192.2 24.9

Step 2. The test results were classified using the fuzzy clustering method. The data in
Table 1 was initially processed by Equations (1) and (5) to obtain Z′′1 , as expressed in the
following Equation (15):

Z′′1 =



0.659 0.611 0.433 0.430 0.263
0.993 0.035 0.933 0.959 0.474
1.000 0.000 0.967 0.974 0.526
0.764 0.399 1.000 1.000 0.368
0.855 0.257 0.933 0.933 0.474
0.798 0.340 0.600 0.605 0.000
0.400 0.670 0.700 0.735 0.368
0.168 0.833 0.000 0.000 0.421
0.000 1.000 0.767 0.753 0.368
0.349 0.677 0.800 0.809 1.000


. (15)

Step 3. According to Equation (7) to Equation (8), Z′′1 was processed for the first time
to give the original matrix C1, which was shown in the following Equation (16):

C1 =



1.0000 0.5880 0.5641 0.6551 0.6556 0.8083 0.7974 0.6616 0.6322 0.6081
0.5880 1.0000 0.9701 0.8164 0.8928 0.6859 0.6190 0.2800 0.4228 0.5634
0.5641 0.9701 1.0000 0.7993 0.9100 0.7252 0.7324 0.5692 0.5503 0.6761
0.6551 0.8164 0.7993 1.0000 0.9100 0.7243 0.7530 0.3486 0.5796 0.6524
0.6556 0.8928 0.9100 0.9100 1.0000 0.7252 0.7164 0.3483 0.5248 0.6482
0.8083 0.6859 0.7252 0.7243 0.7252 1.0000 0.7324 0.4930 0.5424 0.5176
0.7974 0.6190 0.7324 0.7530 0.7164 0.7324 1.0000 0.5692 0.7865 0.7364
0.6616 0.2800 0.5692 0.3486 0.3483 0.4930 0.5692 1.0000 0.5503 0.4698
0.6322 0.4228 0.5503 0.5796 0.5248 0.5424 0.7865 0.5503 1.0000 0.6761
0.6081 0.5634 0.6761 0.6524 0.6482 0.5176 0.7364 0.4698 0.6761 1.0000


. (16)

The transitive closure t(C1) = C4
1 = C8

1 could be found for the 4-th time. Then, t(C1)
was given in Equation (17), as follows:
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t(C1) = C4
1 = C8

1 =



1.0000 0.7530 0.7530 0.7530 0.7530 0.8083 0.7974 0.6616 0.7865 0.7364
0.7530 1.0000 0.9701 0.9100 0.9100 0.7530 0.7530 0.6616 0.7530 0.7364
0.7530 0.9701 1.0000 0.9100 0.9100 0.7530 0.7530 0.6616 0.7530 0.7364
0.7530 0.9100 0.9100 1.0000 0.9100 0.7530 0.7530 0.6616 0.7530 0.7364
0.7530 0.9100 0.9100 0.9100 1.0000 0.7530 0.7530 0.6616 0.7530 0.7364
0.8083 0.7530 0.7530 0.7530 0.7530 1.0000 0.7974 0.6616 0.7865 0.7364
0.7974 0.7530 0.7530 0.7530 0.7530 0.7974 1.0000 0.6616 0.7865 0.7364
0.6616 0.6616 0.6616 0.6616 0.6616 0.6616 0.6616 1.0000 0.6616 0.6616
0.7865 0.7530 0.7530 0.7530 0.7530 0.7865 0.7865 0.6616 1.0000 0.7364
0.7364 0.7364 0.7364 0.7364 0.7364 0.7364 0.7364 0.6616 0.7364 1.0000


(17)

Yang et al. [38] set λ = 0.6173 for the classification of hydraulic fissures. Referring to
Section 2 for the definition of λ, it was more reasonable to set the optimal classification
threshold of λ = 0.6616 in this paper. The classification results were shown in Figure 4.
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Figure 4. Fuzzy clustering analysis results for 10 water gushing samples in the tunnel.

From Figure 4, the following can be seen: λmin > 0.6, the ten samples in the tunnel
were relevant, according to Section 2. When λ = 0.6616, the 10 water samples from the
gushing in the tunnel could be classified into the same category. This result indicated
that the 10 water samples in the tunnel were similar and that they originated from the
same source.

For comparison with four samples from around the tunnel, samples S1 and S10 were
selected to further analyse whether the water gushing in the tunnel originated from the
surface water system. For the second time, four samples of surface water in the tunnel
site area were taken for analysis and compared with samples S1 and S10. Repeating the
above three steps, the samples were characterised for their elemental content of Cl−, SO4

2−,
HCO3

−, Ca2+, K+, Mg2+, and Na+. The test results are shown in Appendix A. Similarly, Z′′2
was obtained by preliminary processing of the data in Appendix A through Equation (1) to
Equation (5). It was represented as follows:

Z′′2 =



0.898 0.905 0.908 0.269 1.000 1.000 1.000 1.000 0.919 0.536
1.000 1.000 1.000 0.077 0.505 1.000 0.917 0.178 1.000 1.000
0.583 0.054 0.042 0.000 0.001 0.035 0.008 0.000 0.000 0.243
0.417 0.239 0.185 0.385 0.271 0.255 0.223 0.368 0.475 0.160
0.000 0.000 0.000 1.000 0.030 0.000 0.000 0.196 0.071 0.000
0.032 0.016 0.013 0.462 0.000 0.005 0.001 0.258 0.061 0.062

. (18)
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Furthermore, the raw matrix C2 was represented as follows:

C2 =



1.0000 0.6515 0.1944 0.3967 0.1295 0.1707
0.6515 1.0000 0.2510 0.3846 0.1178 0.1706
0.1944 0.2510 1.0000 0.7234 0.6194 0.7506
0.3967 0.3846 0.7234 1.0000 0.6783 0.7527
0.1295 0.1178 0.6194 0.6783 1.0000 0.8268
0.1707 0.1706 0.7506 0.7527 0.8268 1.0000

. (19)

The transitive closure t(C2) = C4
2 = C8

2 was found for the 4-th time, which was shown
as follows:

t(C2)= C2
4= C2

8 =



1.0000 0.6515 0.3967 0.3967 0.3967 0.3967
0.6515 1.0000 0.3967 0.3967 0.3967 0.3967
0.3967 0.3967 1.0000 0.7506 0.7506 0.7506
0.3967 0.3967 0.7506 1.0000 0.7527 0.7527
0.3967 0.3967 0.7506 0.7527 1.0000 0.8268
0.3967 0.3967 0.7506 0.7527 0.8268 1.0000

 (20)

The optimal classification threshold λ was set at 0.6515 and the classification results
were shown in Figure 5.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 18 
 

2

1.0000 0.6515 0.1944 0.3967 0.1295 0.1707
0.6515 1.0000 0.2510 0.3846 0.1178 0.1706
0.1944 0.2510 1.0000 0.7234 0.6194 0.7506

C =
0.3967 0.3846 0.7234 1.0000 0.6783 0.7527
0.1295 0.1178 0.6194 0.6783 1.0000 0.8268
0.1707 0.1706 0.750

.

6 0.7527 0.8268 1.0000

 
 
 
 
 
  

 (19) 

The transitive closure 𝑡(𝐶2) = 𝐶2
4 = 𝐶2

8  was found for the 4-th time, which was 

shown as follows: 

4 8

2 2 2

1.0000 0.6515 0.3967 0.3967 0.3967 0.3967
0.6515 1.0000 0.3967 0.3967 0.3967 0.3967
0.3967 0.3967 1.0000 0.7506 0.7506 0.7506

t C =C =C =
0.3967 0.3967 0.7506 1.0000 0.7527 0.7527
0.3967 0.3967 0.7506 0.7527 1.0000 0.8268
0.3967

（ ）

0.3967 0.7506 0.7527 0.8268 1.0000

 
 
 
 
 
    

(20) 

The optimal classification threshold 𝜆 was set at 0.6515 and the classification results 

were shown in Figure 5. 

 

Figure 5. Fuzzy clustering analysis results for water gushing samples in the tunnel. 

From Figure 5, it could be seen that 0.3 < 𝜆𝑚𝑖𝑛 < 0.6, so there was a weak correlation 

between the samples inside (S1 and S10) and outside (S11~S14) the tunnel, according to 

Section 2. As already mentioned in the previous section, samples S1 and S10 had been 

classified as one. When 𝜆 = 0.6515, the samples could be classified into two categories. 

The new samples S11, S12, S13, and S14 were grouped together as a new category, and the 

S1 and S10 were grouped in the other category. According to the fuzzy clustering method, 

the results of analysis showed that there was a certain difference in the physicochemical 

composition between the samples from the tunnel and the water system outside. In the 

early stages of tunnel construction excavation, the water gushing into the tunnel was 

mainly derived from water in the bedrock fracture, partly from surface infiltration of pre-

cipitation. 

4.3. Prediction of Water Gushing Based on the Effective Radius of the Dynamic 

According to Section 3, water gushing in the tunnel under construction is mainly 

from the water inside the bedrock fracture. Due to the time span of the construction pro-

cess, the infiltration of rainfall will have a non-negligible effect on groundwater replen-

ishment. Therefore, in this section the monitoring data for the amount of water gushing 

will be substituted into Equation (9) to Equation (14) for regression analysis. The expres-

sion for Rn is obtained, and then the tunnel gushing calculation equation can be derived. 

Figure 5. Fuzzy clustering analysis results for water gushing samples in the tunnel.

From Figure 5, it could be seen that 0.3 < λmin < 0.6, so there was a weak correlation
between the samples inside (S1 and S10) and outside (S11~S14) the tunnel, according to
Section 2. As already mentioned in the previous section, samples S1 and S10 had been
classified as one. When λ = 0.6515, the samples could be classified into two categories.
The new samples S11, S12, S13, and S14 were grouped together as a new category, and the
S1 and S10 were grouped in the other category. According to the fuzzy clustering method,
the results of analysis showed that there was a certain difference in the physicochemical
composition between the samples from the tunnel and the water system outside. In the
early stages of tunnel construction excavation, the water gushing into the tunnel was mainly
derived from water in the bedrock fracture, partly from surface infiltration of precipitation.

4.3. Prediction of Water Gushing Based on the Effective Radius of the Dynamic

According to Section 3, water gushing in the tunnel under construction is mainly from
the water inside the bedrock fracture. Due to the time span of the construction process,
the infiltration of rainfall will have a non-negligible effect on groundwater replenishment.
Therefore, in this section the monitoring data for the amount of water gushing will be
substituted into Equation (9) to Equation (14) for regression analysis. The expression for Rn
is obtained, and then the tunnel gushing calculation equation can be derived.
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4.3.1. Defining Parameters

The tunnel was divided into several calculation sections based on the characteristics of
the water-bearing medium, the nature of the surrounding rock, the grade of the surrounding
rock, the crossing of the fracture zone, the width and inclination of the fracture zone, as
well as the construction schedule of the different surrounding rocks in the tunnel. The
excavated and rock-disturbed part of the right tunnel were divided along the line into N
sections, each with a length Ln of 10 m to 110 m. As the tunnel was excavated, N would
continue to increase. Eventually the total length of the N segments would be equal to the
actual length of the tunnel excavation. The amount of water gushing was recorded daily at
the inlet of the right tunnel. The time was calculated from the first water gushing in the
tunnel. The five study nodes were set as follows: 1©T = 150 d, N = 23; 2©T = 200 d, N = 24;
3©T = 250 d, N = 25; 4©T = 300 d, N = 26; 5©T = 350 d, N = 27.

According to the data from the engineering geological survey, the specific selection
parameters for each section were shown in Figure 6. The selection of parameters for each
segment was described as follows.
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Figure 6. Distribution of parameters by segments. (a) Ln and Hn; (b) µ and α.

The average thickness of the aquifers in each segment ranged from 11 m to 587 m. The
specific yields of rock in each study section were from 0.001 to 0.025. The rainfall infiltration
coefficients for weathered rock layers on the mountain surface were from 0.2 to 0.3. The
average annual rainfall in the tunnel site area was 1865.6 mm.

4.3.2. Effective Radius of the Dynamic

Substituting the recorded data into Equation (9) to Equation (13), the variation pattern
of the Rn corresponding to each segment was obtained, as shown in Figure 7.
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As can be seen from Figure 7, Rn increased as T and Hn increased. The rate of increase
of Rn was decreasing with an overall non-linear increase. In order to reflect the mathematical
relationship better between the above three factors, a power function model was chosen
for the regression analysis of Rn and Hn, with the condition of a defined duration of water
gushing T. Here, Rn could be set as follows:

Rn = a(Hn)
b. (21)

The regression results of Equation (21) were shown in Figure 8. In order to present
the relationship better between Rn, T, and Hn through mathematical expressions, power
function representations and quadratic equations were used to represent the parameters a
and b. At this point, they could be set as follows:

Rn = R(T, Hn) = a1Tb1 Hn
a2T2+b2T+c2 . (22)
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Based on the data in Figure 8, Equation (23) was derived by regression, as follows:{
a1 = 12.16
b1 = 0.94

, R2 = 0.99
a2 = 4.63× 10−7

b2 = −4.32× 10−4

c2 = 0.15
, R2 = 0.99.

(23)

Additionally, Equation (22) could be set as follows:

Rn = R(T, Hn) = 12.16T0.9Hn
4.63×10−7T2−4.32×10−4T+0.15, (T ≤ 350). (24)

The relationship between Rn, T, and Hn was reflected by Equation (24). As the storage
of water from bedrock fractures was limited, Rn did not increase indefinitely. Additionally,
Equation (24) was used to calculate Rn only for one rainfall cycle after the occurrence of the
water gushing. Equation (24) was substituted into Equation (9) to (13) and simplified to
obtain Equation (25), as follows:

Q =
N

∑
n=1

(Wn(1) + Wn(2)) =
N

∑
n=1

(12.16µHnT−0.1 + 0.06576αhT0.9)Ln × Hn
4.63×10−7T2−4.32×10−4T+0.15. (25)

The results of calculation, derived from Equation (25), were shown in Figure 9 as a
comparison with dynamic monitoring data.
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Figure 9. Comparison of calculated results with dynamic monitoring records.

From Figure 9, it can be seen that the front end of the curve had a plummeting trend,
with a relatively flat middle and a slight rise at the end. According to the amount of water
gushing, the period of water gushing could be divided into three stages. The first stage was
a time period of 1 to 6 days, and the stage had a negative growth rate of greater than 10%
for a single day. The second stage was 7 to 170 days into a period of larger water gushing,
with a negative growth rate of less than 10% in single day of water gushing. The third
stage was 170 days after. This stage of water gushing increased very slowly, with a positive
single day growth rate of greater than 0.01%.

4.4. Discussion

The results based on the source of the water showed that the water gushing was
released primarily from bedrock fractures, but was still weakly influenced by the surface
water system. From Figure 9, it was seen that the curve was abrupt and starts with a large
value in the first stage. This was the stage where the bedrock fracture water continued to
gush into the tunnel in large quantities in a short period of time. The site conditions were
consistent with those expressed at this stage.

The second stage curve was smooth. It showed that the bedrock fracture water above
the tunnel site area was reduced at this time. Bedrock fracture water and infiltrated rainfall
from the adjacent areas of the tunnel site were continuously replenished into the rock above
the tunnel site along the fracture structure. The site conditions were also consistent with
those expressed at this stage.

In the third stage, the curve was slowly increasing, which reflected the fact that the
water gushing in the tunnel at this stage were influenced by factors, such as rainfall and
changes in tectonic fissures. Comparing the left and right halves of Equation (23), the
following was obtained:

Wn(1)

Wn(2)
=

12.16µHn

0.06576αhT
. (26)

Although it was assumed in this paper that the variation in H was negligible to
represent the strong water transport capacity of the bedrock, H should in practice be
decreasing as T increases. Hence, Equation (24) should be constantly converging to zero
with the rest of parameters remaining constant.

Overall, the impact of water from the bedrock fracture on the water gushing would
become smaller with the increase in the duration of the water gushing, and the impact of
the infiltration of water from the surface would become greater. The error between the
calculated results and the actual monitoring values was within 10%, except for the 1–6 days,
when the error in the calculated results ranged from 10% to 20%. In the study of the erosion
and seepage process of the surrounding rock and the characteristics of the water intake of
the fault fracture zone, other scholars also adopted a three- or four-stage model to use in
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the study [39,40]. Therefore, it was reasonable to divide the period of water gushing into
three stages in this study.

Meanwhile, the method of rainfall infiltration and method of the runoff module
number of the groundwater were applied for comparison with the methodology of this
article. As their approach to prediction differed from the method in this study, some of
the results with an average duration of 150 d, 200 d, 250 d, 300 d, and 350 d for predicted
water gushing from the hydrogeological investigation phase of this project were selected
for comparison, which were shown in Table 2.

Table 2. Comparative analysis of water gushing.

Methods
The Average Duration of Water Gushing (d)

150 200 250 300 350

Method of rainfall infiltration 7701 10,268 12,836 15,403 17,456
Method of the runoff module
number of the groundwater 5854 7805 9757 11,708 13,269

Methodology of this article 36,510 36,020 35,274 34,800 34,085
Dynamic monitoring data 38,198 36,174 35,231 34,736 33,578

From Table 2, it could be seen that the results from the methodology of this article
were closer to the dynamic monitoring data, while the other methods had very different
results. It was worth noting that method of rainfall infiltration and method of the runoff
module number of the groundwater were not sufficiently concerned with the static water
from the bedrock fracture in the prediction of water gushing, and they focused more on
rainfall and surface water recharge to groundwater. That was the main cause of the error.
On the other hand, the catchment area was not expressed by a fixed value when predicting
water gushing. It was related to the changes in the average thickness of the aquifer and the
duration of the water gushing. This was another cause of error. In contrast, the approach
in this paper was more concerned with the water from the bedrock fracture. The fuzzy
clustering method was used to monitor the release of water from the bedrock fracture and
the infiltration of rainfall for replenishment. The dynamic effective radius of water gushing
was applied to reflect the changes in catchment area, which was why it had fewer errors.

4.5. Subsequent On-Site Validation

As a further test of the accuracy of Equation (25), the subsequent construction section
K91 + 700 to K91 + 950 of the tunnel was selected. The total length of this tunnel section
was 250 m, with a total of 42 days of construction excavation. It was influenced by the
tensor fault F2-6, which was given in Figure 10.
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Figure 10. The relationship between the fault F2-5 and the tunnel section.

The average thickness of the aquifer Hn in the water-rich fault fracture zone was
approximately 587 m. The surface of the mountain was a weathered layer of andesite with
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a precipitation infiltration coefficient of 0.25 to 0.3. The 250 m long section was divided
into six successive sections from A to F with a difference gradient of 0.0005 based on the
difference in rock feed. During construction, the timing of water gushing was recorded
for each section. The effects of the amount of water seepage from adjacent tunnel sections
were ignored. The specific parameters were detailed in Figure 11.
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Figure 11. Parameters of each segment.

The parameters in Figure 11 were substituted into Equation (24) for the calculation.
The value of the variation of Rn with T for this construction section was obtained. The
calculations of Rn at each time point were substituted into Equation (25), and the calculated
value of water gushing from the section K91 + 700 to K91 + 950 was obtained. The
calculated results were compared with the dynamic monitoring values, which were shown
in Figure 12.
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Figure 12. Results of comparison of calculated values with dynamic monitoring data from K91 + 700
to K91 + 950.

As can be seen in Figure 12, the trend between the calculated value curve and the
dynamic monitoring data curve was generally consistent. Both of them decreased when the
time increased. The calculated value of water gushing within one to six days was slightly
greater than the actual monitored value, with an average error of 7%. Some fluctuations in
the results of dynamic monitoring occurred between days 7 and 42. Overall the calculated
values were relatively close to the recorded values. The maximum error was less than 5%.

5. Conclusions

1. The introduction of fuzzy clustering method ensured that the water gushing source
in the igneous rock area could be effectively identified. The similarity index of
λmin = 0.3967 indicated that the water gushing out of the tunnel had a low correlation
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with the surface water. They came mainly from within the rock mass. The collection
of water samples should accompany the whole process of tunnel excavation. This is
important for the dynamic prediction of tunnel excavation water gushing.

2. A new and more accurate method has been proposed and restructured to dynamically
predict the water gushing in deep underground, extra-long tunnels in igneous areas.
The overall error in prediction results was less than 10%, which was more accurate
compared to the method of rainfall infiltration and the method of the runoff module
number of the groundwater. Moreover, the supplementation of bedrock fracture water
by precipitation should not be neglected.

3. By means of the results of the dynamic data, the effective radius of water gushing
during a rainfall cycle was positively correlated with the average thickness of the
aquifer in the rock formation. When a tunnel was built in a fracture zone, it should
be considered to cross a mountain with a small average thickness of aquifer or to
reduce the depth of burial as much as possible. As a result, the risk of water gushing
was reduced.

4. The period of water gushing was divided into three stages in this study. According to
the improved method for prediction of water gushing, the impact of the water from
the bedrock fracture on the water gushing would become smaller with the increase in
the duration of the water gushing, and the impact of the infiltration of water from the
surface would become greater.
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Appendix A. Characteristics of the Macronutrient Ion Content of the Six
Water Samples

Samples Sampling Locations PH
Conductivity TDS Cl− SO4

2− HCO3
−

(µs/cm) (mg/L) (mg/L) (mg/L) (mg/L)

S1 Walls at K91 + 210 8.51 174.7 112 4.74 10.59 128.14
S10 Walls at ZK94 + 198 8.7 192.2 123 4.69 7.27 128.14

S11
River 2.1 km left of tunnel

ZK92 + 800
7.92 18 9 4.67 3.89 22.51

S12 River 300 m left of tunnel K90 + 220 7.61 52 26 4.77 5.7 46.61
S13 The reservoir above the tunnel 6.83 8 4 4.93 4.08 18.72
S14 River at tunnel K92 + 500 6.89 11 5.5 4.79 3.88 19.31
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