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Abstract: The Yonglian tunnel in China has experienced 15 instances of severe water and mud inrush
disasters, resulting in a total volume of 53,000 m3 of gushing water and mud. These disasters have
caused irreversible environmental damage, including hilltop collapse and soil erosion. To achieve
early warning and early management of such disasters, the paper introduced the Fuzzy Comprehen-
sive Evaluation Method into the Analytic Hierarchy Process to establish a new quantitative evaluation
index system for the causal factors. As the evaluation method involves expert participation in scoring,
it inherently presents certain subjective elements. To further substantiate the validity of our approach,
we conducted a series of model tests. Then, the accuracy of the quantitative evaluation indexes was
verified through these model tests, indicating that the quantitative evaluation system has important
guiding significance for safe tunnel construction, allowing for early warning and management of
potential disasters.

Keywords: mud inrush; analytic hierarchy process; water-rich fault fracture tunnel; model test;
disaster-causing factors

1. Introduction

With the rapid implementation of China’s “Belt and Road” strategy, the construction of
mountain tunnels has become widespread across the country. However, these tunnels often
face the formidable challenge of water and mud inrush disasters, which are exacerbated
by the complex geological conditions, including fault fractures and karst areas. The mud
outburst process involves a sudden and substantial influx of mud into the tunnel, resulting
in significant economic losses and casualties [1-3]. Furthermore, the aftermath of these
disasters can lead to irreversible impacts, including soil erosion and mountain collapses,
which adversely affect the surrounding environment [4,5]. Incomplete statistics reveal that
water and mud inrush disasters account for approximately 45% of geological disasters
during tunnel construction in China [6]. These mud inrush disasters pose significant
obstacles to the safe and expeditious completion of tunnel construction.

In the field of engineering, risk assessment methods can effectively provide early
warning of engineering disasters, reduce the occurrence of disasters, and ensure the safety
of property and life. Therefore, risk assessment methods have been widely researched and
applied. Ali et al. investigated, quantitatively, the risk of rainfall-induced landslides by
assessing the consequence of each failure [7], Orejuela et al. evaluated the susceptibility
to landslides through Fuzzy Logic in the Macas-Riobamba road [8], and Kazakis et al.
introduces a multi-criteria index to assess flood hazard areas in a regional scale [9]. Different
disaster-causing factors have been proposed [10,11], and various risk prediction methods
have been suggested [12,13] with the aim of reducing the possibility of water and mud
inrush in karst areas.
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Various model testing systems have been developed in the field of tunnel stability. For
instance, Gregor et al. developed a small-scale tunnel model in a geotechnical centrifuge to in-
vestigate the collapse at the tunnel face under different overburden pressures [14]. Soranzo et al.
conducted a study on the face stability of shallow tunnels in partially saturated soil using
centrifuge testing [15]. Many model testing systems for tunnel water inrush disasters have
been established, and these systems are now able to accurately simulate the effects of ground
stress and water pressure, achieving realistic simulation results. Some model testing systems
are also capable of being reused multiple times, and their results have already proven effective
in guiding engineering practices [16-18].

However, most of the existing scholarly research on water and mud disasters has
primarily focused on karst areas, where water inrush is the predominant type of disaster,
and mud inrush is often considered as an accompanying phenomenon. In contrast, in water-
rich fault zones, mud inrush disasters tend to dominate. The characteristics of protrusions,
factors causing disasters, and disaster processes in these areas differ significantly from
those in karst areas. Moreover, the related mechanisms causing such disasters, methods for
risk evaluation, and physical model experimental approaches also vary greatly. As a result,
research in this particular area is still scarce and inadequate.

Hence, conducting a specialized study on mud inrush disasters in water-rich fault
fracture zones is imperative. In this paper, the Yonglian tunnel mud inrush disasters
are taken as an example, and the Analytic Hierarchy Process (AHP) methodology is
employed to assess the relative importance of various factors contributing to these disasters.
Furthermore, a series of model tests are conducted to qualitatively verify the theoretical
findings under different conditions. The results of this evaluation system have implications
for the prevention and mitigation of mud inrush disasters in water-rich fault fracture zones.

2. Case of Mud Inrush Disaster
2.1. Engineering Situation and Disaster Overview

The Yonglian Tunnel, situated in Jiangxi Province, China (Figure 1), is a split tunnel
spanning 2500 m in length. It traverses a mountainous and hilly region characterized
by rolling topography. The tunnel area is known for its subtropical monsoon climate,
resulting in groundwater with an average depth of approximately 50 m. Notably, the
tunnel intersects a significant fault known as the F2 fault, which spans 520 m with an
inclination of 84 degrees, from K91 + 350 to K91 + 368.
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Figure 1. Location of the tunnel.

The F2 fault, however, has been significantly impacted by long-term weathering
and tectonic activity, resulting in extensive fragmentation and weathering. It contains a
substantial amount of mylonite, breccia, and fault mud, with a rock quality designation
(RQD) of less than 5%. These geological characteristics indicate the poor quality of the rock
mass in the F2 fault zone, posing formidable challenges for tunnel construction in this area.
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During the preliminary geological investigation, there was a severe lack of accurate
information regarding the F2 fault, and the geological report indicated that the intersection
length between the F2 fault and the tunnel was only 5 m, far less than the actual length of
18 m. Additionally, the strength of the surrounding rock did not match the actual excavation
conditions. As a result, more cautious excavation and support methods were not adopted
during construction, nor were more precise disaster control methods employed.

When the tunnel excavation neared the F2 fault using a three-step excavation method,
a large number of geological hazards occurred, resulting in the suspension of tunnel
construction for a period of 2 years and causing substantial economic losses. Initially, there
were four small-scale collapses that occurred intermittently, resulting in deformations of
the surrounding rock and cracks in the lining. In response, treatment measures such as pipe
roof grouting and small pipe grouting were implemented to mitigate the gushing water
and reinforce the broken surrounding rocks. Subsequently, tunnel construction resumed.

However, just seven days later, the first mud inrush disaster occurred suddenly, with
substantial amounts of mud-water mixtures inundating the tunnel. Although construction
workers had detected significant deformation of the tunnel surrounding rocks in advance
and identified the risk of instability, the mud inrush disaster occurred too violently and
quickly for them to take measures to prevent it. This was followed by a total of 15 enormous
mud inrush disasters that occurred successively within a span of four months (as shown
in Table 1). It was estimated that approximately 53,000 m> of mud-water mixture gushed
into the tunnel in total, resulting in nearly 30 m of the constructed tunnel being inundated.
These disasters triggered a series of engineering accidents, including equipment damages,
large-scale collapses, and construction interruptions [19].

Table 1. Large-scale mud inrush disasters.

Order Date ng;);g;ig, Order Date V(l)\;[;)x(:;;‘;@

1 2 July 2012 1000 9 9 August 300
2 3 July 4000 10 19 September 3000
3 5 July 20,000 11 23 September 2900
4 15 July 1100 12 1 October 1100
5 24 July 4000 13 2 October 900
6 12 August 1000 14 7 October 4000
7 13 August 400 15 25 October 2012 8000
8 15 August 1300

Furthermore, a collapse pit with an area of about 2000 m? emerged at the mountain
peak after the continuous disasters (as shown in Figure 2), resulting in severe vegetation
destruction and soil erosion. The engineering geological schematic diagram is shown in
Figure 3 [3].

1.4
| |

a

Figure 2. Partial mud inrush disasters and the collapse pit. (a). Mud inrush disaster in tunnel. (b). Collapse
pit at the mountain peak.
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Figure 3. Engineering geological schematic diagram.

2.2. Disaster Causes

The mud inrush disasters were a dynamic destruction hazard caused by excavation
disturbances. Based on the results of the engineering geological investigation, the presence
of ample groundwater and broken surrounding rocks in the F2 fault created favorable
conditions for these disasters.

First and foremost, the characteristics of the F2 fault in the mountain surface were
large depressions whose terrain was obviously lower than that of those in other places.
Hence, a great deal of rainwater or groundwater would gather in the area. Subsequently,
there were a large number of fissures among the loose and broken surrounding rocks in
the F2 fault, which provided the groundwater with convenient migration pathways and
plentiful storage space. As a consequence, the accumulated water could flow down the
migration pathways into the mountain interior easily and was stored in the fissures. It is
noteworthy that the stored groundwater would develop into confined water gradually as
time went on, and a great deal of potential energy was accumulated in the groundwater
and nearby surrounding rocks. Furthermore, when the groundwater began to flow, the
weakened and unstable surrounding rocks in the F2 fault were unable to withstand the
groundwater erosion, resulting in easy erosion and disintegration. Last but not least, the
fault mud typically contained various hydrophilic clay minerals such as montmorillonite
and illite, meaning that the surrounding rocks in the F2 fault would be very easy to swell
and disintegrate, turning into weakened and deformable rocks with worse physical and
mechanical properties under the effects of groundwater.

Although all varieties of natural conditions had been available, mud inrush disasters
rarely occurred before excavations, as the majority of groundwater remained stable under
the balance of water pressure, rock stress, and tectonic stress. However, during tunnel
excavation, the previously stable equilibrium state between water and rock was disrupted.
This led to an increasing number of fissures extending towards the tunnel face due to
stress distribution, resulting in active and accelerated groundwater seepage. Additionally,
the broken surrounding rocks in the F2 fault were continuously flushed by the active
groundwater, causing the migration pathways to gradually enlarge.

However, due to inaccurate geological surveys in the early stages, a correct under-
standing of the danger level of the F2 fault was absent. During the construction phase,
conventional three-step excavation methods and simple stability monitoring measures
were employed, without using methods such as grouting to reinforce the surrounding
rock. Subsequently, the expanded migration pathways led to persistent increases in seep-
age velocity and pressure, intensifying the loss of surrounding rocks. As the pathway
expansions and particle migrations aggravated, the tunnel face eventually connected to
groundwater. Unable to resist the energy released by the groundwater and the surrounding
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rocks, the frail tunnel face gave way, leading to mud-water mixtures instantly pouring
into the tunnel. Furthermore, due to the sustained interrelationship between the seepage
field and stress field, the mud-water mixtures continued to flow from the F2 fault without
stopping, resulting in repeated mud inrush disasters.

2.3. Disaster-Causing Factors of Mud Inrush Disasters

Taking into account the underlying causes of mud inrush disasters, it can be concluded
that groundwater serves as a significant driving force, while the fractured surrounding
rocks provide migration pathways for the groundwater. Additionally, the weakened rocks
in the fault fracture zone act as material sources for these disasters. Moreover, excavation
disturbances are unequivocally identified as direct triggers of such disasters. Therefore, the
factors that contribute to the occurrence of mud inrush disasters are closely intertwined with
groundwater dynamics, characteristics of the surrounding rocks, and tunnel construction
activities. Based on the foregoing analyses, the disaster-causing factors were categorized
as follows.

2.3.1. Geological Factors

1. Terrain

The low-lying areas, such as gullies and hollows, provide convenient sites for the
aggregation of rainwater, which serves as the primary recharge source for groundwater.
As a result, there exists a significant linkage between the terrain characteristics and the
occurrence of mud inrush disasters.

2. Physical and mechanical properties of fault-surrounding rocks

The fissures and voids among the fault-surrounding rocks play a crucial role in
providing migration pathways and storage space for groundwater, and their characteristics
such as porosity, density, and pore structure are closely related to the stability of the fault
zone. It can be inferred that fault-surrounding rocks with high porosity and loose structure
are conducive to the migration and storage of groundwater, increasing the likelihood
of mud inrush disasters. Furthermore, the strength characteristics of fault-surrounding
rocks, including compression strength, shear strength, and elastic modulus, are critical
in determining their stability under dynamic groundwater conditions. High-strength
rocks are less likely to lose stability easily and are more resistant to erosion by flowing
groundwater due to their passable strength and stability. These rocks can effectively
withstand the potential energy released by groundwater, reducing the risk of mud inrush
disasters. In contrast, fault-surrounding rocks with poor strength characteristics are highly
prone to causing disasters. Predictably, the occurrence of mud inrush disasters is closely
correlated with the strength and stability of fault-surrounding rocks, as well as their porosity
and structure.

3. Fault scale

The fault mud, gravel soil, and tiny breccia that originate from the fault zone serve as
the main source of the gushing mud during mud inrush disasters. The severity of these
disasters is closely related to the scale of the fault. It can be deduced that larger faults
would provide more fillers, thus exacerbating the disasters. Furthermore, larger faults are
likely to have more migration pathways and storage space, which can further contribute to
the occurrence and severity of mud inrush disasters.

2.3.2. Hydrologic Factors
1. Climate

As mentioned previously, the groundwater that drives the mud inrush disasters is
primarily supplied by rainfall, which is closely linked to climate conditions. Therefore, the
occurrence of these disasters is inherently connected to the climate. For instance, during
rainy seasons, continuous heavy rainfall can cause the groundwater level and hydrostatic
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pressure to rise continuously. As a result, a significant amount of energy can accumulate
in the fault zone, potentially leading to catastrophic disasters. Conversely, if the tunnel
construction takes place during dry seasons when evaporation exceeds recharge, there may
not be enough groundwater to trigger the disasters.

2. Groundwater pressure

The groundwater pressure, encompassing both hydrostatic pressure and dynamic
water pressure, serves as the driving force for mud inrush disasters. The hydrostatic
pressure gradually compresses the surrounding rocks, resulting in the accumulation of
stress energy over time. Additionally, the fissures and pores within the rocks may expand
under the compressive stress, facilitating groundwater seepage.

Moreover, the dynamic water pressure exerts both impact force and drag force on
the surrounding rocks. The impact force weakens the strength of the rocks, making them
more susceptible to deformation and failure. The drag force, on the other hand, enables the
transfer of rock particles along with the flowing groundwater. In essence, the groundwater
pressure contributes to the accumulation of energy, expansion of channels, and migration
of particles, all of which have a profound effect on the occurrence of mud inrush disasters.

3. Chemical properties of groundwater

The chemical properties of groundwater, including iron exchange, dissolution, hy-
dration, and hydrolysis, can significantly impact the mineral composition of surrounding
rocks. Such chemical actions can result in altered mineral compositions, leading to changes
in the structure of the rocks, which in turn affect their strength and stability. As a result,
there exists a close relationship between the chemical properties of groundwater and the
occurrence of mud inrush disasters.

2.3.3. Human Factors

1. Survey and design

Due to limitations in survey technologies or instruments, it is possible that some
crucial engineering geological information may not be accurately acquired during the actual
engineering process. This can result in potentially unreasonable tunnel designs. In such
cases, there is a high likelihood of mud inrush disasters occurring if the tunnel is constructed
without proper consideration of the accurate engineering geological information. The
lack of detailed geological survey during the early stages was an important factor in the
disaster’s occurrence.

2. Construction method

During the tunnel construction process, excavation disturbances can cause deforma-
tions in the surrounding rocks, leading to potential instability and triggering geological
hazards. However, the use of appropriate excavation methods can partially reduce these
disturbances, and suitable support methods can resist large deformations, thereby enhanc-
ing the stability and bearing capacity of the surrounding rocks. As a result, the probability
of disasters can be effectively reduced by adopting proper construction methods that take
into consideration the actual geological characteristics.

3. Theoretical Analysis of the Disaster-Causing Factors

Indeed, the mud inrush disaster is influenced by various factors as discussed previ-
ously, and the contribution of each factor may vary significantly. It may not be feasible
to consider all factors comprehensively in practical engineering, especially in the context
of disaster treatment. Therefore, a key task in further research, including the study of
catastrophic mechanisms and disaster treatment, is to clarify the relative importance of
these factors. Quantitative evaluation and ranking of the disaster-causing factors based on
their individual significance can help in achieving this objective. By assigning appropriate
weights or scores to each factor, a quantitative assessment can be conducted to determine
their relative importance in the occurrence and severity of mud inrush disasters. This can
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provide valuable insights for effective disaster prevention, mitigation, and management
strategies in tunnel construction and other engineering projects.

Indeed, the analytic hierarchy process (AHP), which uses weighted values as the
ratio scale, is a reliable tool for quantitatively prioritizing interdependent factors. It has
been widely employed in the field of geological hazards [8,20,21], including mud inrush
disasters. Accordingly, we integrated the Fuzzy Comprehensive Evaluation Method into
the Analytic Hierarchy Process to establish a quantitative evaluation index system for the
causal factors, which allows for a quantitative evaluation and ranking of these factors based
on their individual significance.

3.1. Presentation of a Hierarchy Model

According to the information in Section 2.3, the hierarchy model of the disaster-causing
factors is illustrated in Figure 4, which consists of the goal A, the first-level evaluation
indices A; and the second-level evaluation indices A; ;.

| Evaluation of the including factors for mud inrush disasters (A) |

| Geologic factors (41) | Hydrologic factors (A4;) | Human factors (43)

Terrain (41_1)

Climate (AZ—I)

Survey and design (4A3_1)

Physical and mechanical
properties of fault rocks (41-2)

Construction method (43_5)

Fault scale (41_3)

Chemical properties of
groundwater (4,_3)

|
|
|
|
|
Groundwater pressure (4,_5) |1
|
|
|
|

Figure 4. Hierarchy model of disaster-causing factors.

3.2. Determination of Relative Weights

The relative weights, which represent the priorities of the homogeneous indices with
respect to the elements at the adjacent upper level, were obtained from the judgment
matrices created through pair-wise comparisons.

3.2.1. Judgement Matrix

The indices belonging to the same level and branch in the hierarchical structure were
compared as pairs based on their impact on the elements above them. This pair-wise
comparison was conducted by a panel of experts using the 1-9 scale thinking method
(Table 2). The results of the pair-wise comparisons were collected and used to create the
judgment matrices for each level in the hierarchy.

Table 2. The 1-9 scale thinking method for pair-wise comparison.

Value Explanation
1 Two indices have the same importance
3 One index is moderately important over another index
5 One index is strongly important over another index
7 One index is very strongly important over another index
9 One index is extremely strongly important over another index

2,4,6,8 Intermediate values of two adjacent judgements
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3.2.2. Calculation of Weights at Each Level

The relative weights of indices at each level could be denoted by the eigenvectors which
are calculated from the judgment matrices using the summation method as described below.

(1) Everyjudgement matrix a creates a corresponding normalized matrix w whose ele-
ments are calculated using Equation (1),

n
wij = a;j/ Z; ajj, @D
=

where w;; is the element of the normalized matrix @ and 4;; is the element of the
corresponding judgement matrix a.

(2) The elements of the weight matrix w are the eigenvectors which are obtained by
Equations (2) and (3),

n
w; = w;/ Y w, )
i=1
;o n
w; = Zwij/ (3)
=1

where w; is the element of the weight matrix w and !, is the element of the transitional
matrix w’ used for eigenvector calculation.

(8) After obtaining the eigenvectors, it is important to test the consistency of the judge-
ment matrices by calculating the consistency ratio (CR). A CR value of less than
0.1 indicates that the subjective judgments from the experts during the pair-wise
comparisons are logical and trustworthy. In such cases, the obtained eigenvectors can
be used to denote the relative weights for ranking. However, if the CR value is greater
than 0.1, it indicates an inconsistency in the judgments, and the experts should revisit
the pair-wise comparisons and make necessary adjustments until the results meet the
consistency criterion. The CR is computed as follows:

CI

Cl= (/\max - 7’1)/(7’1 - 1)/ (5)

Z (“;::)i

i=1

(6)

)\max =

S| =

where CI is the consistency index, RI is the random consistency index which can be
determined according to Table 3, Amayx is the maximum eigenvalue and 7 is the order
number of judgement matrix.

Table 3. The value of random consistency index RI.

Order 1 2 3 4 5 6 7 8 9
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45

Finally, the judgment matrices and the relative weights for each index are obtained, as
presented in Tables 4-7.

Table 4. Judgement matrix and relative weights of index A;.

Aq Ay Az Relative Weights
Aq 1 1 5 0.4545
Aj 1 1 5 0.4545
Az 1/5 1/5 1 0.0910

Amax =2.992, n =3, CI =0.0000, RI = 0.58, CR = 0.0000 < 0.1
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Table 5. Judgement matrix and relative weights of index Ay ;.

A14 A1z A1 Relative Weights
A1q 1 1/4 1/3 0.1226
Ao 4 1 2 0.5572
Az 3 1/2 1 0.3202

Amax = 3.0183,n =3, CI =0.0092, RI = 0.58, CR = 0.0158 < 0.1

Table 6. Judgement matrix and relative weights of index Ay ;.

A2_1 A2-2 A2-3 Relative Weights
Aoq 1 1/5 1/2 0.1180
Ao 5 1 4 0.6806
Ao 2 1/4 1 0.2014

Amax = 3.0247,n =3, CI =0.0123, RI = 0.58, CR = 0.0213 < 0.1

Table 7. Judgement matrix and relative weights of index A3 ;.

A3_1 A3_2 Relative Weights
Asq 1 3 0.7500
Asy 1/3 1 0.2500

Second order matrix is always consistent, no need to test its consistency (RI = 0)

3.3. Comprehensive Evaluation

The relative importance of disaster-causing factors to the mud inrush disasters is
characterized by comprehensive weights which are calculated by multiplying the relative
weight of every second-level index A;; with the relative weight of their corresponding
first-level index A;, Accordingly, the comprehensive weights are shown in Table 8.

Table 8. Comprehensive weights of disaster-causing factors to mud inrush disaster.

Aq Ay Ajz . .
(0.4545) (0.4545) (0.0910) Comprehensive Weights
A1 0.1226 — — 0.0557
A 0.5572 — — 0.2533
A3 0.3202 — — 0.1455
A — 0.1180 — 0.0536
Arp — 0.6806 — 0.3093
Ay — 0.2014 — 0.0915
Azq — — 0.7500 0.0683
Az — — 0.2500 0.0228

The results reveal that the weights of the disaster-causing factors decrease in the
following order: Ay p > A1p > A1.3 > Apz > Az > A1 > An1 > As. Notably, the weights
of the first three factors are significantly higher than those of the others, with a total weight
of 0.4545. This indicates that groundwater pressure, physical and mechanical properties
of fault surrounding rocks, and fault scale are the major contributing factors to mud
inrush disasters. Therefore, these three factors should be assigned higher priority and
greater attention in similar circumstances. Inadequate geological surveys and incorrect
construction methods are also significant factors that contribute to the occurrence of the
disaster. We should also pay enough attention to human factors in these disasters.

4. Model Test

However, the results obtained using the AHP methodology may be subject to criticism
due to the subjective nature of pair-wise comparisons which rely on expert judgments
and may lack objectivity. To address this potential drawback, a series of model tests were
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conducted to qualitatively verify the theoretical results. These model tests simulated mud
inrush disasters under different conditions. Considering the test costs and feasibility, only
the three major factors were chosen as test objects. The model tests employed orthogonal
testing with three factors and three levels, as well as extremum difference analysis, to study
the impacts of different factors on the disaster.

4.1. Test Parameters
4.1.1. Engineering Parameters

The section of the tunnel from K91 + 332 to K91 + 392, which includes the F2 fault
(K91 + 350~368), was selected for the model tests. The simulated area covered a total length
of 60 m, with a tunnel diameter of 9 m and a distance of 27 m between the center of the
left tunnel and that of the right tunnel. The average depth of burial for the tunnel was
approximately 180 m. The characteristics of the samples were investigated by conducting
coring tests using a core drilling rig. Subsequently, the physical and mechanical properties
of the core samples were tested in a laboratory. The key physical and mechanical properties
of the surrounding rocks are summarized in Table 9.

Table 9. Main physical and mechanical properties of surrounding rocks.

Density/(g-cm-3) Permeability Compression Elastic
yie Coefficient/(cm-s~1) Strength/MPa Modulus/GPa
Normal rock 2.4~2.6 49 x 1073~1.0 x 102 15~20 3~5
Fault rock 1.9~2.1 58 x 1074~2.5 x 1072 8~12 1~1.2

4.1.2. Similarity Parameters

The similarity ratio, defined as the ratio of prototype parameter to model parameter,
is essential for determining experimental parameters. Considering cost and feasibility, the
similarity ratio for geometric size is set at 60, and for density, it is set at 1. The similarity
ratios for other parameters can be derived based on the similarity principle, as listed in
Table 10.

Table 10. The similarity relationship and ratio adopted in the model test.

Parameters Similarity Relationship Similarity Ratio
Geometric size C; — 60 (set)
Density C, — 1 (set)
Displacement C; Cs=GC 60
Stress C, Co =CCy 60
Strain C, Ce =Cs/C 1
Compression strength Cy. Co, =Cy 60
Elastic modulus Cg Cg=Cs/Ce 60
Permeability coefficient Cg Ck =C/Cy 7.75

4.2. Test Device

It should be underlined that the length is defined as the extent along the tunnel axial
orientation, and the width refers to the extent perpendicular to the tunnel axis in the same
plane. Based on the geometric similarity ratio, the inner length of the test device is 1 m,
the tunnel buried depth is 3 m, the tunnel diameter is 0.15 m, and the distance between
the two tunnel centers is 0.45 m. Furthermore, to reduce boundary effects in the model
tests, the distance from the device boundary to the tunnel boundary is set to be at least
triple the tunnel diameter (0.45 m). As a result, the theoretical width and height of the
test device should be 1.5 m and 3.6 m, respectively. Accordingly, a model test device was
developed, consisting of a test container, stress loading facilities, water supply facilities,
and data acquisition facilities, as illustrated in Figure 5.
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Figure 5. Model test device.

The test container with inner dimensions of 1.0m x 1.6 m x 1.7 m (length x width x height)
was used for filling the medium, and it served as the location where the disasters occurred.
To restrict lateral deformations, stress-bearing columns and beams were installed around the
outside of the container. Additionally, a load-bearing plate was placed at the bottom of the
container to enhance its structural stability. The entire test container was constructed using
20 mm thick steel and assembled with high-strength bolts, ensuring excellent tightness, stability,
and safety.

Significantly, the height of the test container was limited to 1.7 m due to constraints
in test space and material cost, whereas ideally, it should have been 3.6 m to match the
design value. As a result, the simulated tunnel buried depth in the model test was only
1.1 m, which was significantly less than the intended value of 3 m. To account for this
discrepancy, stress loading facilities including hydraulic cylinder, controller, and pipe were
used to provide an additional stress of 0.04 MPa based on engineering parameters and
similarity ratios.

The water supply facilities consisted of a water storage barrel, support tank, and other
ancillary equipment such as a pump and reservoir, as shown in Figure 6. To provide a
constant water pressure for the test, an overflow pipe connecting with the conversation
tank was installed inside the water storage barrel at a height of 1.6 m. Different constant
water pressures could be achieved by adjusting the height of the support. The support tank
had a size of 1.0 m x 1.6 m x 0.1 m (length x width x height) and was fixed at the top of
the test container. The intake pipe, which was connected to the overflow pipe, was installed
at the top of the tank, and concentrated water-permeable holes were drilled at the bottom.
This setup allowed the conduit flow from the water storage barrel to be transformed into
uniform flow through the water-permeable holes of the conversation tank, which then
streamed into the model test. Moreover, the concentrated stress loads applied on the top of
the conversation tank would be transmitted to the simulated surrounding rocks in the form
of uniform loads. Finally, the pump continuously supplied water to the water storage barrel
from the reservoir, ensuring that the entire test was conducted under water-rich conditions.

The data acquisition facilities consisted of osmotic pressure sensors, soil pressure
sensors, displacement sensors, a static strain gauge, resistive strain brick, high-definition
camera, and a collection container, as shown in Figure 7. Three monitoring sections were
set up around the tunnel, and each section had five monitoring points where sensors were
installed; each section had the same arrangement of sensors; ID was the displacement
monitoring point. Every point around tunnel (Point 1-5) was equipped with four types of
sensors, as shown in Figure 8. All sensors were pre-embedded inside the test container and
connected to the static strain gauge through lead holes reserved in the test container wall. This
allowed the sensors to monitor the physical and mechanical information of the corresponding
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locations around the tunnel, and excavation was only performed when the monitoring data
from the sensors became stable. The high-definition camera was used to record the disaster
processes, and the collection container was used to collect the gushing substances.

Water supply

Figure 6. Support tank on the top.

Figure 7. Data collection system. (a) Micro soil pressure cell. (b) Resistance strain analyzer. (c) Resis-
tive strain brick. (d) Displacement sensors.
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Figure 8. Layout of monitoring points. (a) Top view. (b) Layout of monitoring points in each section.
ID is the displacement monitoring point. Every point around tunnel (Point 1-5) was equipped with
four types of sensors, osmotic pressure sensors, soil pressure sensors, static strain gauge and resistive
strain brick.
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The model was excavated using the two-bench method. Initially, the excavation was
divided into five steps, each 5 cm long. As the fault was approached, the excavation was
divided into 30 steps, each 2.5 cm long. The tunnel was excavated sequentially from the
top bench to the lower bench. The excavation process was repeated cyclically until water
and mud inrush disaster occurred.

4.3. Determination of the Three Levels of Every Factor
4.3.1. Water Pressure

In this paper, the water head was used to represent the water pressure. In the actual
engineering scenario, the groundwater surface with a buried depth of 50 m is 130 m higher
than the tunnel vault. Accordingly, based on the stress similarity ratio, the water surface
in the model test should be 2.2 m higher than the tunnel vault. Subsequently, the values
of the other two levels were determined as 1.7 m and 2.7 m for test feasibility. Hence, the
heights of the overflow pipe were set at 2.3 m, 2.8 m, and 3.3 m, marked as Hy, H, and
Hj, respectively.

4.3.2. Characteristics of Similar Materials

Two types of similar materials were required for the model test. One was used to
simulate the normal surrounding rocks, which needed to exhibit fluid-solid coupling
characteristics and maintain feasibility under confined water conditions. The other material
was meant to represent the fault-surrounding rocks and was supposed to soften and
disintegrate under the effect of fluid-solid coupling. Additionally, the similar materials for
the fault surrounding rocks needed to be capable of simulating different properties, as the
orthogonal test required three levels of physical and mechanical properties. Therefore, a
similar material marked as N was developed for the normal surrounding rocks, and three
similar materials named M;j, M;, and M3 were developed for the fault-surrounding rocks.
Detailed information about the theories and properties of these similar materials can be
found in our previous works [22].

During the preparation of similar materials, the characteristic criteria of normal sur-
rounding rocks and fault-surrounding rocks M, were determined first based on the pa-
rameters presented in Table 9 and the similarity ratios in Table 10. The similarity ratio
for geometric size was set at 60, and for density, it was set at 1. Subsequently, the char-
acteristic criteria of the other two similar materials, M; and M3, were determined based
on Mj. Finally, four similar materials were prepared by adjusting the ingredients and
mass ratios to conform to their respective characteristic criteria. The ingredients and mass
ratios of the four similar materials are listed in Tables 11 and 12. The main physical and
mechanical properties of these similar materials were obtained through indoor tests and
are summarized in Table 13.

Table 11. Ingredients and mass ratios of similar material N.

Sand Talc Cement Latex Water Barite Powder
51.61% 22.42% 4.27% 3.79% 6.45% 11.45%

Table 12. Ingredients and mass ratios of similar materials M;~Ms3.

Sand Talc Gypsum Water Bentonite Paraffin Oil
M, 68.97% 12.41% 4.83% 6.90% 5.52% 1.38%
My 64.52% 11.61% 9.03% 7.10% 5.16% 2.58%

M; 61.35% 11.04% 12.27% 7.36% 4.91% 3.07%
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Table 13. Main physical and mechanical properties of similar materials.

Density/(g-cm—3) Permeability Compression Elastic
Coefficient/(cm-s—1) Strength/MPa Modulus/GPa
N 2.30 1.22 x 1076 0.60 0.08
M, 2.03 8.84 x 107° 0.15 0.02
M, 2.00 1.47 x 1075 0.31 0.04
Mz 1.98 5.15 x 10~° 0.53 0.07

4.3.3. Fault Scale

In the model test, the fault scale was characterized by the fault length in the axial
orientation of the tunnel. The original fault in the field, which was 18 m long (from
K91 + 350 to K91 + 368), was scaled down to 0.3 m in the model test based on the geometric
similarity ratio. Accordingly, three levels of fault scale were set at 0.2 m, 0.3 m, and 0.4 m
for the orthogonal test, denoted as 51, Sy, and S3, respectively. The faults were positioned
in the middle of the normal surrounding rocks and had an inclination of 84°.

In summary, the factors and their corresponding levels of the orthogonal test are
summarized in Table 14.

Table 14. Factors and their corresponding levels of the orthogonal test.

Level Water Head/m Characteristics of Fault Rocks Fault Scale/m
1 Hy(2.3) M; $1(0.2)
2 H,(2.8) M, $,(0.3)
3 H3(3.3) M3 53(0.4)

4.4. Test Scheme

The orthogonal test was designed using an orthogonal table L9 (3%) to arrange the
test conditions, as listed in Table 15. In the tests, the mass of the gushing mud was used
as a qualitative indicator to denote the degree of disaster, where a larger amount of mud
indicated a greater degree of disaster. The influence of factors on the disaster could be
evaluated through range analysis using the disaster degrees of all test conditions.

Table 15. Arrangements of the orthogonal test.

Condition Water Head/m Characteristics of Fault Rocks Fault Scale/m
T-1 Hy M 51
T-2 H, M, S3
T-3 H; M3 Sy
T-4 H, M, Sy
T-5 H, M3 S3
T-6 H; M, 51
-7 Hs M; Ss
T-8 Hj M; Sy
T-9 Hj; M, 51

In addition, the detailed procedures of the tests were as follows.

(1) To conduct the model test, the similarity materials were prepared in accordance with
the test conditions, and then similar materials were filled into the model body and
sensors were installed. The materials consisted of two types of rocks and were filled
into different regions of the model body with controllable dip angle between the fault
and normal surrounding rock. The materials were filled in layers and compacted to



Appl. Sci. 2023,13, 6199

150f18

achieve the design density, with each layer compacted to 1.8 cm per 10 cm. To mini-
mize the impact of artificial stratification on the test results, each layer was polished
and the fault angle was controlled using a level instrument and construction line.
Once the model materials were filled to the design height, displacement sensors were
placed at the monitoring points.

(2) The loading tank was placed on top of the model soil body and a top steel plate with
hydraulic jacks was set on the cover and sealed with high-strength bolts. The jacks
were then supported on the counter-force beam. In addition, sensors were installed
at specified locations during the filling process and linked to the static strain gauge
through lead holes for data collection.

(3) After filling the similar materials and embedding the sensors, the test device was
assembled and sealed. Data acquisition facilities were turned on to start recording data.
A compensation stress of 0.04 MPa was applied to the medium using stress loading
facilities, and the support height was adjusted to the designed value to provide the
required hydraulic loads for the specific test condition. To ensure a continuous water
supply to the loading tank, the main water tank was connected to the loading tank
through a water inlet located on the top plate.

(4) The left tunnel was excavated using the bench method once the monitoring data
remained stable. The excavation parameters, which were converted based on engi-
neering and similarity parameters, are summarized below: the height of the upper
and lower benches was 6.5 cm and 8.6 cm, respectively, the bench length was 12.5 cm,
and the length of each excavation step was 2.5 cm.

(5) Excavation was halted once the fault was exposed, and the disaster process was
recorded while collecting the gushing substances. After the test, the gushing sub-
stances were dried to determine the mass of gushing mud. It is important to note that
water may seep out during the excavation process, requiring continuous water supply
to maintain the designed water head throughout the test period.

(6) The next test condition was implemented and procedures (1)~(4) were repeated.

4.5. Test Result
4.5.1. Disaster Process

All the test conditions successfully simulated mud inrush disasters, and they exhibited
similar disaster processes. It is worth mentioning that all parameters of condition T-4 were
determined based on actual engineering data, which means that the test condition T-4 could
recreate the real disaster scenario from a model test perspective. Therefore, in this paper,
condition T-4 was taken as an example to reveal the disaster process and then compared
with the actual disaster process to verify the feasibility of the test.

The representative processes of test condition T-4 are depicted in Figure 7. During the
test, after exposing the fault for 135 s, small bursts of currents started to flow out from the
tunnel face. Gradually, the rocks surrounding the tunnel face became muddy and loose.
Subsequently, collapses occurred in the tunnel face as the muddy and loose rocks struggled
to withstand the water pressure and the loads from the surrounding rocks (Figure 9a).
Over time, the water flowed out copiously and swiftly from the collapse site, and the range
of muddy rocks expanded dramatically (Figure 9b). Eventually, the mud inrush disaster
erupted, with numerous mud-water mixtures surging out instantly (Figure 9c). After
the disaster subsided, a significant amount of gushing substances was left in the tunnel
(Figure 9d).



Appl. Sci. 2023,13, 6199

16 of 18

Figure 9. Representative processes of the test condition T-4. (a) Minor current and the collapse;
(b) considerable current; (¢) mud-water mixture; (d) accumulation body of the gushing substances.

The distinctive processes of the actual mud inrush disasters are exemplified in Figure 10.
It can be concluded that the processes observed in the model tests were consistent with those
observed in actual engineering scenarios. Furthermore, since the processes observed in all
test conditions were essentially similar, there is sufficient evidence to support the claim
that the series of model tests were able to effectively simulate mud inrush disasters under
diverse circumstances.

Figure 10. Distinctive actual disaster processes. (a) Minor current; (b) collapse; (c) accumulation body.

4.5.2. The Influence Degree of Factors

The distinctions between different test conditions were the masses of the gushing mud
denoting the disaster degree; they are summarized in Table 16. Meanwhile, the parameters
used for the range analysis are listed in the table as well. In Table 16, index [; is the sum of
results of test conditions containing Level 1 (Subscript 1) in column J. Similarly, indices II;
and I1I; correspond to calculation values of Level 2 and 3 (Subscript 2 and 3) respectively.
In addition, index kj is the occurrence number of the identical level. Then, index D]- is the
range of the Jth column, which is calculated according to the following formula:

D]' = maX{I]‘/k]', Ilj/kj, III]'/k]‘} — mm{I]/k], Ilj/k]', III]/k]} (7)

Index D; denotes the influence degrees of different factors on the mud inrush disaster:
the greater the value of D}, the more significantly its corresponding factor contributes to the
disaster. The results show that water pressure factor made the greatest impact on disasters
followed by the characteristics of fault rocks, and the fault scale factor was of the least
importance. The conclusions drawn from the model test are in concert with the above
theoretical analysis.

Through the above nine sets of experiments, our newly proposed quantitative evalua-
tion system has been sufficiently validated and demonstrated its good reference value and
significance in evaluating and predicting potential mud inrush disasters in engineering.
However, it should be pointed out that this new quantitative evaluation method relies
heavily on the expert scoring system and may have certain subjective factors. Therefore, in
the process of using this method, continuous optimization should be carried out according
to the actual situation.
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Table 16. Test results and the parameters of range analysis.
Condition =~ Water Head/m Chla::::ltte;{lzzll:: of Fault Scale/m Masﬁigjﬂ;hmg

T-1 H; M 51 129
T-2 Hy M, S3 126
T-3 H; M3 Sy 105
T-4 Hj M, Sy 144
T-5 Hj M; S3 120
T-6 H; M; 51 173
T-7 Hj M; S3 160
T-8 Hj M, Sy 194
T9 Hj M, 51 167

I; 360 496 416

II; 437 437 443

111; 521 385 459

k; 3 3 3

D; 53.67 37.00 14.33

5. Conclusions

In order to establish a quantitative evaluation system for mud inrush disaster, we
take the large-scale mud inrush disaster of Yonglian tunnel as an example and propose
eight disaster-causing factors categorized into three aspects. Considering these factors, the
paper introduces the Fuzzy Comprehensive Evaluation Method into the Analytic Hierarchy
Process to establish a new quantitative evaluation index system for the causal factors.
However, this system relies on expert judgments and may lack objectivity, A series of
indoor model tests are then conducted to confirm the realism and credibility of the risk
evaluation method. The results of this study demonstrate the significance of the proposed
system in providing guidance and reference for the early detection and treatment of sudden
mud disasters. The specific conclusions drawn from this study are as follows:

1. Through a comprehensive investigation of the mud inrush disaster in the Yonglian tunnel,
we identified eight main disaster-causing factors, including terrain and groundwater
pressure, which are categorized into three aspects: geological factors, hydrologic factors,
and human factors. These factors effectively cover the main causes of the disaster, and a
qualitative analysis of the disaster-causing mechanisms for each factor was conducted.

2. The Analytic Hierarchy Process (AHP) was employed to establish a quantitative
evaluation index system for the disaster-causing factors of mud inrush disasters in
water-rich fault fracture zones. The Fuzzy Comprehensive Evaluation Method was
used to evaluate the secondary and primary index factors and analyze the importance
and scale influence of mud inrush disaster-causing control factors. The analysis
revealed that groundwater pressure, physical and mechanical properties of fault-
surrounding rocks, and fault scale are the three main disaster-causing factors, with a
combined total weight of 0.7081.

3. Inorder to verify the quantitative evaluation index system, a model test system for
tunnel mud inrush disaster was established, and nine sets of tests were conducted
to replicate the mud burst disaster process. The magnitude of the weights of the
three groups of causal factors obtained from the model experiments was consistent
with the theoretical analysis, indicating the correctness of the analytical system. This
confirms the reliability and accuracy of the proposed evaluation system through
practical model testing.
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