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Abstract: Water-sand inrush disasters are frequently encountered during underground engineering
construction in karst terrain. The objective of this paper is to study the failure mechanism and evolution
characteristics of water—sand inrush caused by the instability of filling medium in karst cavity, as well
as the impacts of soil compactness, hydraulic pressure and confining pressure on the instability process.
In response to this purpose, a stress-controlled seepage test apparatus in consideration of particle
loss was designed, and a series of seepage tests were performed correspondingly. The test results
indicate that: (1) Based on the nonlinear feature analysis of water-outflow pattern, the water-sand
inrush process can be divided into the “slow flow” stage, “transition flow” stage and “pipe flow”
stage by Transition Point I, II. (2) The decreasing soil compactness and increasing hydraulic pressure
both exponentially facilitate the seepage-erosion process by increasing the particle-erosion ability;
the increasing confining pressure extends the “slow flow” stage and shortens the duration of the
“transition flow” stage, ultimately advancing the occurrence of the “pipe flow” stage; the existence
of critical hydraulic pressure for the seepage-erosion progress is confirmed, the occurrence of the
“pipe flow” stage is significantly advanced once the hydraulic pressure over the critical value.
(3) The particle loss caused by the seepage-erosion process is the internal mechanism of water-sand
inrush, the variation characteristics of water-outflow pattern are crucial external manifestations
correspondingly. Therefore, with the monitoring of water-outflow pattern variation tendency as
indicators, the critical status of water—sand inrush can be near-real-time identified, which offers
experimental foundation for the early warning and forecast of the occurrence of water—sand inrush.

Keywords: underground construction; water—sand inrush; failure mechanism; evolution characteristics;
experimental study; seepage-erosion; warning and forecast

1. Introduction

Karst terrain is extensively developed all over the world, covering about 12% of the planet’s dry,
ice-free land [1]. With the exponential growth of the world’s population, the rapid urban expansion
and increasing demand for transportation facility make engineering construction in extremely complex
geo-conditions an inevitable choice [2]. For the architectures in karst area, the geo-disasters such as
sinkhole collapse, subsidence, floods and landslides induced by the instability of soluble rocks are
frequently encountered [2-5]. Those typical karst geo-disasters have aroused researcher’s attention,
and the correspondent mechanism exploration and treatment methods are also investigated extensively.

However, besides the geo-disasters mentioned above, the occurrence of water—-sand inrush disaster
during underground construction in karst area is becoming more frequent. In the first decade of the
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21st century, the underground accidents caused by water-sand inrush accounted for 77.3% of serious
safety accidents in China’s large-scale infrastructure construction process. China’s karst landforms are
widely distributed, with a total area of 3.44 million square kilometers, accounting for 15.6% of the global
karst area [6]. Furthermore, karst landforms are also abnormally developed in 55 countries and regions
along the “Belt and Road”, covering almost the whole of Asia and half of Europe, accounting for about
2/3 of the total global karst zone [7], which makes water—sand inrush geo-hazards one of the biggest
threats for the underground engineering, even for the successful implementation of globalization.
Numerous investigations have been conducted concerned with this type of geo-hazards, mostly
derived from the risk evaluation theories of water outburst disasters in the mining industry since the
mid-20th century. The “water-inrush coefficient” criterion, followed by the “water-inrush index” [6,8]
were initially proposed based on the geologic conceptualization model that the coal seam floor is
assumed as a piece of “resistance stratum” subjected to hydraulic pressure with two ends anchored,
the water outburst is supposed to occur immediately when hydraulic pressure reaches the threshold
value. Subsequently, in consideration of coupling effects of mining-induced stress and hydraulic
pressure beneath the confined aquifer, the hypothesis of “three zones” and “zero fracture” theory [8]
were suggested to finely analyze the stability state of “resistance stratum”. The bearing capability
of confined aquifer was theoretically analyzed based on the elastic—plastic mechanics and fracture
mechanics, and the critical energy release position was further identified by Bieniawski [9] through
Hoek-Brown criterion. Yang et al. [10] introduced the “flow—stress—damage” model into tracing the
initiation, propagation and coalescence of the fractures during the whole water-outburst process.
These research achievements mentioned above made significant explorations in the risk assessment of
water inrush through coal seam floor and fractured rock masses. However, as indicated by engineering
practices and literature research, a considerable number of water inrush accidents were induced
by the instability of filling medium under hydraulic pressure in karst cavity during underground
construction [11], as briefly shown in Figure 1. Moreover, quite a few were characterized with distinct
hysteresis phenomenon due to the progressive seepage-erosion process [12], for which those theories
mentioned above would lose reliability and rationality from the perspective of instability mechanism.

Water

Karst cavity ——,

Figure 1. Schematic diagram of water-sand inrush during underground construction.

In recent years, numerical methods and laboratory tests in consideration of particle loss were
employed to explore the progress of water—sand inrush through granular soil. The nonlinear fluid—
solid coupling model based on continuum medium mechanics were developed to depict the porosity
evolution and expansion of seepage channels [13]. Zhou et al. [14] investigated the onset and
development of water—sand inrush in karst geo-structure through DEM-CFD coupling method.
Georg and Douchko [15] developed a simplified model of the local lithology to depict the evolution
characteristics of karst in vicinity of tunnels in long/short term. These numerical research results could
partially describe the seepage-erosion phenomenon along with water-sand inrush process, but the
applicability remains further confirmed by validation tests. Ma et al. [16] experimentally investigated
the impacts of particle transfer on the porosity and permeability of karst collapse pillar under varying
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pore pressure, particle size mixture and compaction level. Liu et al. [17,18] further explored the
variation characteristics of fluidized grain concentration and Reynolds number as the advancing of
seepage-erosion process. However, previous experimental researches mainly concentrated on the
variation of flow parameters (porosity, permeability, Reynolds number) as the advancing of water-sand
inrush, the evolution characteristics of seepage-erosion process was not adequately comprehended.
More importantly, the early warning method was rarely involved in previous research, which is crucial
to prevent the occurrence of water-sand inrush disasters in field conditions.

The objective of this paper is to investigate the failure mechanism and evolution process of
water—sand inrush caused by the instability of filling medium in karst cavity, and to quantify the
impacts of crucial controlling factors. In response to this purpose, a stress-controlled seepage test
apparatus in consideration of soil particle loss behavior was designed and a series of seepage tests
were conducted correspondingly. The evolution process of water—sand inrush under varying soil
compactness, hydraulic pressure and confining pressure was obtained through monitoring the variation
of flow characteristics: water-outflow rate, sands erosion rate and sands mass concentration, by which
the nonlinear characteristics of seepage-erosion progress under varying controlling factors was
illustrated. Furthermore, the critical status of water-sand inrush was found to be indicated by the
identification of water-outflow pattern, which provides experimental basis for the early warning and
forecast of water-sand inrush’s occurrence.

2. Testing Apparatus and Methods

2.1. Testing Apparatus

The seepage testing apparatus mainly consists of a sample chamber, a triaxial loading system, and
a water-soil collection system, as shown in Figures 2 and 3. The brief description of each component is
presented in the following texts.

e Sample chamber: The soil sample chamber, where the soil sample is loaded, is 150 mm in
diameter, and 300 mm in height. The rubber membrane attaches the inner wall of sample chamber,
which creates an enclosed space between the rubber membrane and soil chamber.

e  Triaxial loading system: The triaxial load system independently provides axial pressure, confining
pressure, and hydraulic pressure to simulate the triaxial stress state. The triaxial loads, up to
4.0 MPa, with the precision of 10 KPa, are individually supplied by three pneumatic pumps with
pressure-servo control function. The confining pressure is applied by the pressured water in the
annulus space between the rubber membrane and sample chamber.

e  Water-Soil Collection System: Meshed perforated plate I, with the hole diameter of 5 mm, is placed
on the top of soil specimen to guarantee the water pressure is uniformly distributed. The water
and eroded soil particles passing through Meshed perforated plate II are individually collected
by the water and soil collection device. The mesh size of perforated plate Il adopted in this test
is determined by the design criteria of geotextile filter’s opening size. The threshold of Ogp/dgg
(Og is the geotextile pore opening size corresponding to dgg) generally varies between 1.0 and 4.0,
Watson and John [19] proposed an empirical formula to determine geotextile’s pore opening size:
Ogp/dgg = —0.028C, + 2.34. For the soil sample adopted in this test, Cy = 6.02, dgg = 2.21 mm, thus
the minimum mesh size of perforated plate II is 4.80 mm to avoid soil particles’ bridge forming.
Considering the results of pre-tests, the mesh size of perforated plate Il is finally set as 10.0 mm,
ensuring at least 90% sand particles to pass through without clogging.
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Figure 2. Schematic diagram of the seepage test apparatus.
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Figure 3. Principal part of the seepage test apparatus.
2.2. Experiment Program

2.2.1. Soil Specimen

The soil sample adopted in this test is from Pingkan transportation tunnel, Guangxi Province,
China, the location of Pingkan tunnel is shown in Figure 4a. Pingkan tunnel, with the length of 3276.5m,
a maximum burial depth of approximately 120 m, is located in the mountainous region, where the
karst landforms are extremely developed. The karst fissures and fill-type cavity are widely distributed
along the tunnel axis. In addition, the terrain of mountain summit is in favor of water collection and
the rainfall is abundant as well. Several large-scale water-sand inrush accidents occurred during
construction process, as shown in Figure 4b. This soil sample is widely distributed in southwest China,
and qualified with a broad representation of sandy-type soil filled in karst cavities [20], the physical
properties are listed in Table 1 and Figure 5.
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Project name: Backside of Pingkan Tunnel’s left line, 3rd section of Hechi-Baise expressway
Current project: Treatment of karst cavity; Location: Z4k32+7925; Date: 14 November, 2016

(b)

Figure 4. Event introduction of Pingkan tunnel. (a) Location of Pingkan tunnel [21]; (b) Water—sand
inrush disasters in Pingkan tunnel.

Table 1. Physical parameters of the soil sample.

50f18

Sand Grains Maximum Void Minimum Void Moisture Uniformity
Density ps(kg/m?) Ratio emax Ratio enpin Content w(%) Coefficient Cy

2670.0 1.15 0.40 16.5 6.02

100 .
% el

80

N
(=]

=]

=]

=]

Particle content(%)
N oW oE 9 g

(=)
/9"

I

Mo

0.1

=]

1
Particle size(mm)

Figure 5. Grading curve of the soil sample



Appl. Sci. 2020, 10, 3374 60f 18

2.2.2. Experiment Program

Extracting the controlling factors influencing the stability of filling medium in karst cavity is
crucial. The filling medium are mostly soil particles being flushed into karst cavities by surface water,
or rock fragments fell off the ceiling of karst caves, deposited and consolidated under the action
of self-weight and underground water. Georg and Douchko [15] concluded water-sand inrush is
likely to occur under high hydraulic pressure through case studies in completely weather granite.
Walsh [22] and Jamiolahmady et al. [23] pointed out the hydraulic pressure also has considerable
compression on rock and soil mass, and eventually affect its consolidation and liquefaction process;
the confining pressure is widely considered as controlling factors for the compaction state of rock and
soil mass, further affects its mechanic and permeability characteristics [24]. Based on the literature
analysis, the compaction state of filling medium, hydraulic pressure and confining stress are deemed
as significant influencing factors on the evolution of water-sand inrush.

According to the disaster statistics in Pingkan tunnel, water—sand inrush cases occurred more
frequently during the period from April to October, which is the rainy season for nearly the whole area
of Southwest China. Based on the field investigation and literature research, the hydraulic pressure of
underground karst water mostly below 1.0 MPa, unless the karst water is deep-buried or under the
action of high tectonic stress. Therefore, in this test, the hydraulic pressure(P,) of karst water is set
to three levels: 0.2, 0.4, 0.6 MPa; the confining pressure(P.) is set to 0.0, 0.2, 0.4 MPa; the compaction
state of the filling medium is controlled by relative density(D;) [25], which is set to Loose, Intermediate
and Dense, with the relative density(Dy) of being 0.25, 0.50, 0.75, the experiment scheme is shown in
Table 2. The experiment assumptions and schemes employed in this study could be well applied into
the mountain regions with wide distribution of karst terrains.

Table 2. Experiment schemes.

Test Number Relative Density D, Hydraulic Pressure P,y (MPa)  Confining Pressure P, (MPa)

1 0.25 0.4 0.2

2 0.50

3 0.75

4 0.50 0.2 0.2

2 0.4

5 0.6

6 0.50 0.4 0.0

2 0.2

7 0.4

2.3. Experiment Procedures

In order to study the initiation and evolution characteristics of water—-sand inrush in practical
situation, as well as the effects of hydraulic pressure, confining stress and initial compactness of filling
medium on water-sand inrush progress, a series of seepage tests were conducted, and the operation
procedure is summarized as follows:

e  Soil specimen loading: before start, Vaseline is smeared uniformly on the inside of specimen
chamber to prevent water leakage along the inner wall; the soil sample is loaded into the specimen
chamber by layers, then compacted to the specific compactness. The perforated plate I is placed
on the top of the soil sample after loaded.

e  Specimen saturation: In order to simulate the hydraulic state of filling medium in karst cavity
filled with water, the soil specimen will be fully saturated before seepage tests start. After the soil
sample is loaded, the low-pressured water is applied on the top of soil sample to pre-saturate the
soil sample, until the flow rate of discharged water maintains stable.

e  Water and soil particles collection: after the saturation step, load the hydraulic pressure and
confining pressure to launch the seepage test. Eroded sand particles are separated and assembled
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by a sieve, with the mesh size of 0.05 mm. Eroded sands and discharged water are collected and
weighed every 1 minute until the test ends.

3. Experiment Results and Analysis

3.1. Nonlinear Evolution Characteristics of Seepage-Erosion Process

As the progress of water—sand inrush process, soil particles continue to erode away, which not only
changes the soil skeleton, but also the flow pattern along with seepage-erosion process. The eroding
ability of seepage flow is represented by sands erosion rate, namely the mass of eroded soil particles
within a certain amount of time. The sands mass concentration of eroded sands in discharged fluid is
also regarded as a crucial symptom herein, which can be obtained through equation below

m; .
cg=————Xx100%(i=1,2,3...n 1
= o 100%( ) )

where m; is the weight of collected sands, g; is the volume of discharged fluid, py is water density, ; is
the serial number of time per minute.

The test results of each group is calculated and shown in Tables 3-5 and Figure 6. The variation
of water-outflow rate is well fitted through Boltzmann equation, the variation of sands erosion rate
and sands mass concentration with time are depicted by the 7th order polynomial equation. It can
be observed that the test results exhibit obvious similarities among each group, the variation of
water-outflow rate are all characterized with distinct non-linear feature, the variation of sands mass
concentration and sands erosion rate are both in shape of wave with the existence of summit. In order
to deeply analyze the experimental phenomena, the test result of group 2 is illustrated in detail in
Figures 7 and 8.

Table 3. Variation of water-outflow rate with time (m>/h).

Test Time (min)
Number 5th 10th 15th 20th 25th 30th 40th 50th 60th 70th 80th 90th

1 0.47 1.21 4.16 6.48 6.81 7.66 7.76 7.70 7.80 8.26

2 0.20 0.34 0.86 1.50 4.64 7.59 7.51 7.43 7.84 7.62

3 0.03 0.29 0.56 0.33 0.59 0.70 4.25 5.82 6.32 5.98 6.49 5.98

4 0.06 0.12 0.25 1.67 1.19 2.79 5.28 6.38 6.53 6.53

2 0.20 0.34 0.86 1.50 4.64 7.59 7.51 7.43 7.84 7.62

5 0.76 2.99 6.28 8.89 8.20 8.97 8.05 9.00

6 0.60 0.72 1.21 1.39 2.98 4.00 5.91 5.76 5.25

2 0.20 0.34 0.86 1.50 4.64 7.59 7.51 7.43 7.84 7.62

7 0.19 0.72 0.53 0.55 1.75 3.40 8.18 7.77 8.26 8.35 8.67
Table 4. Variation of sands erosion rate with time (kg/h).

Test Time (min)

Number 5th 10th 15th 20th 25th 30th 40th 50th 60th 70th 80th 90th

1 3.94 884 1752 1241 1562 226 5.54 3.20 1.07 1.13

2 1.12 1.61 6.12 555 1684 1761 6.99 6.36 4.50 2.16

3 0.43 1.71 2.03 1.64 2.02 3.28 1248 11.63  6.36 3.42 1.22 0.54
4 0.18 0.20 211 14.03 7.06 1441 1059 275 1.66 0.83

2 1.12 1.61 6.12 555 1684 1761 6.99 6.36 4.50 2.16

5 836 3026 29.06 1229 9.80 5.13 2.23 1.93

6 1.60 1.43 6.24 5.95 534 1538 1220 4.29 1.95

2 1.12 1.61 6.12 555 1684 1761 6.99 6.36 4.50 2.16

7 0.23 0.83 3.45 140 2068 1244 1085  3.68 3.26 1.47 0.84
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Table 5. Variation of sands mass concentration with time (%).
Test Time (min)
Number 5th 10th 15th 20th 25th 30th 40th 50th 60th 70th 80th 90th
1 0.397 0.363 0209 0.09 0114 0.033 0.053 0.024 0.009 0.003
2 0219 0234 0359 0184 0.181 0.116 0.047 0.043 0.029 0.014
3 0.132 0290 0.184 0500 0.178 0469 0.293 0200 0.073 0.057 0.019 0.009
4 0.149 0.087 0403 0416 0274 0217 0.092 0.022 0.013 0.006
2 0219 0234 0359 0184 0.181 0.116 0.047 0.043 0.029 0.014
5 0529 0,501 024 0.069 0.060 0.029 0.014 0.011
6 0.168 0.099 0.175 0214 0119 0.191 0.103 0.037 0.019
2 0219 0.234 0359 0.184 0.181 0.116 0.047 0.043 0.029 0.014
7 0.052 0.201 0228 0.065 0.161 0.060 0.061 0.020 0.018 0.008 0.005
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Figure 6. The variation tendency of monitoring objects with influence factors.

First, according to the variation curve of water-outflow rate, the water-sand inrush process is
visually divided into three stages by Transition Point I, II, which are determined through the extremum
analysis of water-outflow rate’s fitted curve. The property description of each seepage stage is detailed

as following;:

Stage @: Up until the 16.8th min since beginning, water-outflow rate maintains less than 0.5 m3/h;
sands erosion rate starts rising after being below 2.0 kg/h within the first 12 mins, and then up to
nearly 5.5 kg/h until the end of this stage; sands mass concentration increases instantly from the very
beginning, and reaches the peak after 12.6 mins; as seen from the grain-size distribution of the eroded
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soil particles collected in this stage, shown in Figure 8, the content of soil particles over 1 mm is only
about 10%, while the particles smaller than 0.5 mm and 0.075 mm occupy about 70% and 32% of the
total eroded mass, respectively, significantly less than the contents of the same grain-size particles of
being about 26% and 5% in the original soil sample. At the initiation stage of the seepage-erosion
process, soil particles compact densely with the soil skeleton maintaining stable, resulting in fairly small
porosity and permeability, which ensures a small seepage rate through the soil sample. Subsequently,
with the advancing of penetration process, the fine and unbounded soil particles start being activated
and migrated into the seepage flow even under relatively small dragging force exerted by slow seepage
flow. In this stage, with the existence of fine and unbounded particles, the migration rate of fluidized
soil particles into the flow is greater than the conveyance rate, which manifests as the increase of sands
mass concentration, resulting in a greater erosion ability of seepage flow because of the existence of
more free particles and their surfaces. Based on the seepage characteristics obtained, this period can be
named as “slow flow” stage.

Stage @: After Transition Point I, water-outflow rate starts abruptly increasing, reaching Transition
Point I of being about 8.0 m?/h after 32.0 mins totally; sands erosion rate also quickly rises to the peak
right before Transition Point II, and sands mass concentration starts going down sharply; through
observation of the grain-size distribution of soil particles collected in this stage, there are more coarser
particles showing up than that in stage @. The content of particles between 0.5 mm and 1 mm
significantly rises to 57% from 20%, and the particles smaller than 0.075 mm are barely seen in this
stage. As the fine particles kept losing, the microstructure of soil sample is changed accordingly. Due to
the loss of significant fine particles, not only the interspaces and voids grows bigger, but also the lateral
supports for soil skeleton reduce too, causing the coarser soil particles becoming less stable and easier
being eroded away. This process will increase the porosity and permeability of soil sample, which in
return accelerates the flowing rate, increases the eroding ability of the fluid, and further facilitates the
formation of seepage channels. In this stage, the eroding ability of seepage flow increases with the
rising of flowing rate, inducing a growing number of sands being eroded away. The water-outflow
rate also climbs dramatically, resulting in a greater transfer rate than the generation rate of fluidized
soil particles, so the variation of sands mass concentration in this stage declines rapidly all along.
Considering the seepage characteristics and experimental phenomenon, this stage can be characterized
as “transition flow” stage.

Stage ®: By the end of stage @, water-outflow rate fluctuates around 7.6 m3/h, and the acceleration
of water-outflow rate suddenly drops to nearly zero; sands erosion rate starts declining soon after the
summit of being 18.79 kg/h, at the meantime, sands mass concentration continues to drop consistently
with a smaller gradient after Transition Point II. Through observation of the grain-size distribution of
eroded soil particles, the content of particles between 0.5 mm and 1 mm remains approximately the
same as the content of the same grain-size particles in stage @, but for the coarse particles over 1 mm,
its content occupies 27%, almost the twice of the content of those in stage @. By the end of “transition
flow” stage, around 56% soil particles have been eroded away, resulting in nearly penetrating-through
of seepage channels, which promotes the flow pattern transforming into pipe flow from porous media
flow [26], hence the water-outflow rate maintains a relatively stable rate under specific hydraulic
pressure. In this stage, the formation of penetration-through seepage channels partially decreases
the lateral erosion ability of seepage flow, which not only results in a greater transferring rate than
migration rate of soil particles, but also a slowly declining of sands mass concentration all along.
It should be noted that, in real geo-conditions, karst cavity may be filled with abundant karst water,
or even connected to underground river or surface water, the outflow discharge could suddenly and
dramatically increase after the penetration through of seepage channels, resulting in the occurrence of
water—sand inrush accidents. In consequence, this period can be named as “pipe flow” stage.

After introducing the nonlinear evolution characteristics of seepage-erosion process, the reason
behind the existence of outliers in Figure 7 should be discussed here. As we mentioned above, the mesh
size of perforated plate II is set as 10.0 mm, ensuring at least 90% sand particles to pass through.
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While, the particle clogging will appear when the particles over 10.0 mm approaching perforated plate
II. Moreover, with the existence of medium size particles, the clogging will still theoretically appear
when 2, 4, or many of those particles approaching the open hole together, which would retard the
erosion of soil particles. However, due to the dynamic evolution characteristics of seepage-erosion
progress, the particle clogging has a possibility to collapse under the disturbance of dynamic flow,
which abruptly increases the mass of eroded particles, resulting in a sharp growth of sands erosion
rate, as well as the fluctuations of water-outflow rate and sands mass concentration.
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Figure 7. Seepage test results of group 2.
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3.2. Effects of Controlling Factors on Seepage-Erosion Process

Previously, the progress of water—sand inrush was introduced in detail, as well as the nonlinear
features along with the whole seepage-erosion process. In this section, the variation characteristics of
water-outflow rate, sands erosion rate and sands mass concentration of each test is monitored and
further analyzed to quantitatively demonstrate the impacts of controlling factors, soil compactness,
hydraulic pressure and confining pressure on the instability process of sandy soil under karst water.
The occurrence time variation of monitor objects’ characteristic value with relative density, hydraulic
pressure and confining pressure is listed in Table 6.

3.2.1. Effects of Soil Compactness on Seepage-Erosion Process

First, the water-outflow rate exhibits distinct changes along with the variation of soil sample’s
relative density, as shown in Figure 9a. The occurrence of Transition Point I, II are both delayed with
the increase of relative density, as illustrated in Figure 10a and Table 7. Specifically, Transition Point I
appears at 10.4th min for the soil sample with relative density as 0.25, and it is delayed to 16.8th min
and 27.2th min as relative density rising to 0.50 and 0.75, which indicates the “slow flow” stage is
61.54% and 165.54% delayed, respectively; as for Transition Point II, it appears at 22.4th min for the soil
sample with relative density as 0.25, and it is delayed to the 32.0th min and 52.4th min as the relative
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density up to 0.50 and 0.75, it can be calculated the duration of “transition flow” stage is 26.67% and
210.00% delayed, respectively. This phenomenon shows the “slow flow” and “transition flow” seepage
stage are both significantly extended as the rising of soil sample’s relative density, and the extension
amplitudes both exponentially increases with the relative density

Table 6. Occurrence time of transition points and peak value of monitor objects.

Occurrence Time of Monitoring Object (min)

Test Number Transition PointI  Transition Point II Peak of Sands Mass Peak of Sands

Concentration Erosion Rate
1 10.4 22.4 5.9 18.2
2 16.8 32.0 12.6 30.1
3 27.2 52.4 25.0 459
4 21.6 40.2 18.2 34.2
2 16.8 32.0 12.6 30.1
5 7.2 20.1 49 13.1
6 13.6 33.2 11.2 31.8
2 16.8 32.0 12.6 30.1
7 18.3 29.4 17.1 289
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Figure 9. Variation curve of monitoring objects with relative density (D;). (a) Variation of water-outflow
rate with relative density; (b) Variation of sands erosion rate with relative density; (c) Variation of sands
mass concentration with relative density.
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(a) Occurrence time of Transition Point I, II along with relative density; (b) Ultimate water-outflow rate
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Table 7. Variation of monitoring objects” characteristic value with relative density (Dy).

Relative Density Ultimate Water-Outflow  Soil Sample Mass Total Mass Loss Mass Loss Rate
Rate (m%/h) (kg) (kg) (%)
0.25 8.14 8.64 7.79 90.16
0.50 7.62 9.54 6.83 71.59

0.75 6.49 10.68 5.97 55.90




Appl. Sci. 2020, 10, 3374 120f18

Secondly, through observation of Figure 9b,c, the occurrence of sands mass concentration’s peak
and sands erosion rate’s peak are both delayed with the increase of relative density, consistently
matching the variation of Transition Point I, II, respectively; the peak of sands erosion rate and sands
mass concentration keep declining with the increase of relative density. The reason behind this is the
higher soil compactness generally represents the existence of less voids, more lateral restraints and less
free particles, causing more stable soil skeleton and stronger erosion-resistance ability [27]. Therefore,
for the soil with higher density under the same hydraulic pressure and confining pressure, sands
erosion rate and sands mass concentration remain smaller, which further reduces the particle loss,
retards the growth of porosity and permeability, and ends up with lower ultimate water-outflow rate
and smaller mass loss rate, as illustrated in Figure 10b,c. The ultimate water-outflow rate decreases to
6.49 m3/h from 8.14 m3/h as the relative density up to 0.75 from 0.25, and meanwhile, the mass loss rate
significantly drops to 55.90% from 90.16%. This phenomenon reflects the growth of erosion-resistance
ability of soil sample along with an increasing relative density.

3.2.2. Effects of Hydraulic Pressure on Seepage-Erosion Process

As shown in Figures 11a and 12a, the water-outflow rate is also distinctly affected by hydraulic
pressure. Firstly, the occurrence of Transition Point I, II are both advanced with the increase of hydraulic
pressure. More specifically, Transition Point I appears at the 21.6th min for the soil sample under
hydraulic pressure of 0.2 MPa, and it is delayed to the 16.8th min and 7.2th min as the hydraulic
pressure rising to 0.4 MPa and 0.6 MPa, which signifies the “slow flow” stage is 21.22% and 66.67%
delayed, respectively. As for Transition Point II, it appears at the 40.2th min for the soil sample with
hydraulic pressure of 0.2 MPa, and it is delayed to the 32.0th min and the 20.1th min as the hydraulic
pressure up to 0.4 MPa and 0.6 MPa, which denotes the “transition flow” stage is 18.28% and 69.35%
delayed, respectively. This phenomenon indicates the “slow flow” and “transition flow” seepage stage
are both distinctly shortened as the rising of hydraulic pressure, and the shortening amplitudes both
exponentially increases with the hydraulic pressure.
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Figure 11. Variation curve of monitoring objects with hydraulic pressure (Py). (a) Variation of
water-outflow rate with hydraulic pressure; (b) Variation of sands erosion rate with hydraulic pressure;
(c) Variation of sands mass concentration with hydraulic pressure.

Through observation of Table 8 and Figure 11b,c, the occurrence of sands mass concentration’s
peak and sands erosion rate’s peak are both advanced with the increase of hydraulic pressure, highly
consistent with the variation of Transition Point I, II, respectively. The peak value of sands erosion rate
and sands mass concentration both increase with the rising of hydraulic pressure. It should be noted
that, the peak of sands erosion rate appears at 34.2th min for the soil sample with hydraulic pressure of
0.2 MPa, and it is delayed to the 30.1th min and 13.1th min as the hydraulic pressure up to 0.4 MPa and
0.6 MPa, which is 11.99% and 61.70% delayed, respectively. As seen, compared with the hydraulic
pressure increasing from 0.2 MPa to 0.4 MPa, the advancing amplitude of sands erosion rate peak’s
occurrence is significantly greater as hydraulic pressure up to 0.6 MPa from 0.4 MPa, which indicates
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the existence of critical hydraulic pressure between 0.4 MPa and 0.6 MPa, and the seepage-erosion
process is supposed to be significantly accelerated once the hydraulic pressure over the critical value.
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Figure 12. Variation tendency of monitoring objects’ characteristic value with hydraulic pressure (Py).
(a) Occurrence time of Transition Point I, II along with hydraulic pressure; (b) Ultimate water-outflow
rate along with hydraulic pressure; (c) Mass loss rate along with hydraulic pressure.

Table 8. Variation of monitoring objects’ characteristic value with hydraulic pressure (Py).

Hydraulic Ultimate Water-Outflow Soil Sample Mass Total Mass Loss Mass Loss Rate
Pressure (MPa) Rate (m3/h) (kg) (kg) (%)
0.2 6.40 9.54 6.23 65.30
0.4 7.62 9.54 6.83 71.59
0.6 8.35 9.54 7.74 81.13

As demonstrated in Figure 12b,c, the ultimate water-outflow rate increases from 6.40 m3/h to
8.35 m>/h as the hydraulic pressure up to 0.6 MPa from 0.2 MPa, in the meantime, the mass loss
rate significantly increases to 81.13% from 65.30%. This phenomenon shows that, with the same
compactness and confining pressure, higher hydraulic pressure results in greater seepage rate and
dragging force, which manifests as stronger erosion ability. Therefore, at the initiation stage of
seepage-erosion process, more fine and free particles are migrated into the fluid, resulting in higher
sands erosion rate and sands mass concentration, which further accelerates the seepage channels’
formation, as well as the occurrence of “pipe flow” stage.

3.2.3. Effects of Confining Pressure on Seepage-Erosion Process

First, the water-outflow rate displays distinct changes with confining pressure, as shown in
Figures 13a and 14b. The ultimate water-outflow rate changes to 8.02 m3/h from 6.34 m3/h as the
confining pressure up to 0.4 MPa from zero. In addition, through the observation of Table 9 and
Figure 14a, the occurrence of Transition Point I delays with the increase of confining pressure, while the
occurrence of Transition Point Il is slightly advanced. More specifically, Transition Point I appears at
the 13.6th min for the soil sample without confining pressure, and it is delayed to the 16.8th min and
18.3th min as the confining pressure rising to 0.2 MPa and 0.4 MPa, respectively. As for Transition
Point II, it appears at the 33.2th min for the soil sample without confining pressure, and it is advanced
to 32.0th min and 29.4th min as the confining pressure up to 0.2 MPa and 0.4 MPa, respectively. It can
be determined that the duration of “slow flow” stage is 23.53% and 34.56% extended as the confining
pressure up to 0.2 MPa and 0.4 MPa; while the “transition flow” stage is 22.45% and 56.63% shortened
correspondingly. This phenomenon indicates the increasing confining pressure extend the “slow flow”
seepage stage, but shortens the “transition flow” stage at the same time, and the variation amplitude
increases with the growth of confining pressure.
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Figure 13. Variation curve of monitoring objects with confining pressure (P.). (a) Variation of
water-outflow rate with confining pressure; (b) Variation of sands erosion rate with confining pressure;
(c) Variation of sands mass concentration with confining pressure.
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Figure 14. Variation tendency of monitoring objects’ characteristic value with confining pressure (P).
(a) Occurrence time of Transition Point I, Il along with confining pressure; (b) Ultimate water-outflow
rate along with confining pressure; (c) Mass loss rate along with confining pressure.

Table 9. Variation of monitoring objects’ characteristic value with confining pressure (P).

Confining Ultimate Water-Outflow Soil Sample Total Mass Loss Mass Loss Rate
Pressure (MPa) Rate (m3/h) Mass (kg) (kg) (%)
0.0 5.61 9.54 6.34 66.46
0.2 7.62 9.54 6.83 71.59
0.4 7.90 9.54 8.02 84.07

Secondly, through observation of Figure 13b,c the occurrence of sands mass concentration’s peak
and sands erosion rate’s peak are both consistently matching the variation of Transition Point I, II,
respectively. The peak value of sands erosion rate increases with the confining pressure, which denotes
higher confining pressure brings stronger erosion ability, as demonstrated in Figure 14c, the mass
loss rate significantly increases to 84.07% from 66.46% as confining pressure up to 0.4 MPa from zero.
Meanwhile, the peak value of sands mass concentration shows slight fluctuations as the confining
pressure rises.

The impacting mechanism behind is that, higher confining pressure exerts greater compression
on soil particles, which increases the compactness, strength and the erosion-resistance ability [28], thus
the “slow flow” stage will be extended under higher confining pressure; after entering the “transition
flow” stage, considerable soil particles eroded away, causing more voids and less lateral supports
for soil particles, which transforms the compressing force into shear force, further destabilizes soil
particles and ultimately accelerates the “transition flow” stage with greater erosion ability.
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3.3. Identification and Forecast of Seepage-Erosion’s Evolutionary Process

Based on the elaboration in last two sections, it’s reasonable to conclude that particle loss caused
by seepage-erosion is the internal mechanism of water—sand inrush; the variation of water-outflow
characteristics are external manifestations correspondingly. In other words, with the acquaintance of
external manifestations’ variation features, the specific seepage stage where the water-sand inrush
is located can be accurately identified, which could theoretically offer possibilities to forecast the
occurrence of water—sand inrush.

As introduced in Section 3.1, the whole seepage-erosion process is visually spit by Transition Point
I, II, characterized with distinct non-linear features, thus the identification of seepage-erosion stage
can be determined through the location of Transition Point I, II, which can be accessed through the
extremum analysis of water-outflow rate. While considering the complexity of the geo-environment in
practical geo-conditions, solely relying on the variation of water-outflow rate seems not adequate and
reliable. Through further observation of the seepage test results in Table 6 and Figure 15, one crucial
phenomenon should be noted, the occurrence of Transition Point I is closely behind the peak of sands
mass concentration. For instance, as shown in Figure 15a, the appearance time of Transition Point I is
the 10.4th min, 16.8th min and 27.2th min, as the relative density increasing to 0.75 from 0.25, the peak
of sands mass concentration appears at the 5.9th min, 12.6th min and 25.0th min correspondingly,
with only 4.5 mins, 4.2 mins and 2.2 mins ahead; as for Transition Point II, it appears at the 22.4th
min, 32.0th min and 52.4th min, and the peak of sands mass concentration shows up at the 18.2th min,
30.1th min and 45.9th min correspondingly when the relative density up to 0.75 from 0.25, respectively
with only 4.2 mins, 1.9 mins and 6.5 mins in advance. This manifestation that the peak of sands mass
concentration occurs slightly ahead of Transition Point I, the peak of sands erosion rate occurs slightly
ahead of Transition Point II, which also applies to other groups under varying hydraulic pressure and
confining pressure as shown in Figure 15b,c.
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Figure 15. Occurrence time of transition points and peak value of monitor objects along with influence
factors. (a) Occurrence time of transition points and peak value of monitor objects along with relative
density; (b) Occurrence time of transition points and peak value of monitor objects along with hydraulic
pressure; (¢) Occurrence time of transition points and peak value of monitor objects along with
confining pressure.

It can be briefly summarized that the sequence between sands mass concentration’s peak, sands
erosion rate’s peak, and transition points is confirmed. To be precise, the seepage stage can be
theoretically determined through the identification of Transition Point I, II, and further verified by
locating the peak of sands mass concentration and sands erosion rate, respectively. Therefore, with the
monitoring data of flow characteristics in practical situation, the critical status of water—sand inrush
can be near-real-time identified, which offers an early warning to respond in a timely manner and the
basis for ultimately forecasting the occurrence of water—sand inrush. It should be emphasized that
the employ of polynomial of 7th order is to precisely fit the variation of sands erosion rate and sands
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mass concentration, which cannot be employed to quantitatively predict their variation tendency even
with extremely high correlation. The strict regression equation needs to be developed and validated
through more experiment datasets.

4. Discussion and Conclusions

This experiment study focuses on the water—sand inrush disaster caused by the instability of
filling medium in karst cavity. In response to this purpose, a stress-controlled seepage test apparatus in
consideration of particle erosion phenomenon was designed, and a series of seepage tests were carried
out correspondingly. The water-outflow rate, sands erosion rate and sands mass concentration were
adopted as main indicators to analyze the variation characteristics of seepage-erosion process, as well
as the impacts of soil compactness, hydraulic pressure and confining pressure. It should be noted that
the stability status of filling medium in karst cavities is also affected by the excavation disturbance and
soil compaction history [3], which are currently difficult to be considered in model tests. Moreover,
besides the impact factors investigated in this paper, the progress characteristics of water-sand inrush
is also tightly related to the soil constituents, karst cavity geometry and others. Nevertheless, the main
findings concluded in this study still have typical representatives for the evolution characteristics
of seepage-erosion process, and offer significant comprehension of water-sand inrush’s progress.
More critically, it provides important experiment foundations for the early warning and forecast of
water—sand inrush in practice. The main conclusions can be briefly summarized as follows.

(1): According to the non-linear characteristics of water-outflow pattern, the whole seepage-erosion
process can be split into three seepage stages, “slow flow” stage, “transition flow” stage and “pipe
flow” stage. It can be concluded that the particle erosion is the internal mechanism of water-sand
inrush, and the variation characteristics of water-outflow pattern are the external manifestation of
seepage-erosion progress.

(2): The seepage-erosion phenomenon is obviously affected by soil compactness, hydraulic
pressure and confining pressure. The “slow flow” and “transition flow” seepage stages are both
extended as the higher relative density brings stronger erosion-resistance ability, and the extension
amplitudes exponentially increase with the relative density. In contrast, the higher hydraulic pressure
causes greater particles erosion ability, which shortens the seepage-erosion process, and the shortening
amplitude also increases exponentially with the hydraulic pressure; the increasing confining pressure
extends the “slow flow” seepage stage by providing more compression, but shortens the duration of
“transition flow” stage as the compression transforms into shear force. In addition, the existence of
critical hydraulic pressure for the seepage-erosion progress is confirmed, and the occurrence of “pipe
flow” stage is significantly advanced once the hydraulic pressure over the critical value. For practical
purposes, the value of critical hydraulic pressure under specific geo-conditions needs to be further
systematically explored in the future.

(3): The specific seepage stage where the seepage-erosion process is located can be identified
by Transition Point I, II, which are obtained through the extremum analysis of water-outflow rate’s
fitted curve, and confirmed by the occurrence of sands mass concentration’s peak and sands erosion
rate’s peak, respectively. In other words, with the monitoring data of inrush fluid’s flow pattern as
precursors in practical situation, the critical status of water-sand inrush can be theoretically identified,
which offers an early warning to respond in a timely manner and theoretical possibilities to ultimately
forecast the occurrence of this type of disaster.
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