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Abstract

It is very common in geotechnical engineering with Karst geological conditions that the fine particles migrate and lose
continuously with water flow in the fractured rock mass, which will lead to the water-mud-inrush accident. In this paper,
the time-varying characteristics of fine particles’ migration and loss in fractured mudstone under water flow scour were
investigated experimentally and theoretically. Considering the continuous gradation of fractured mudstone, taking Talbot
power exponent as the influencing factor, the time-varying features of the total lost mass were described. Based on the total
lost mass, the mass-loss rate and the mass-migration rate of fine particles were proposed, and their time-varying features
were compared and analyzed. The loss-migration-ratio was defined, and the water-mud-inrush risk was assessed by the
relationships between loss-migration-ratio and time. The research showed that (1) the lost mass resulted from the fine
particles’ migration, and the migrated mass was affected not only by lost fine particles but also by the water flow velocity.
The rules of the fine particles’ migration and loss in the fractured mudstone had the non-linear and time-varying charac-
teristics. (2) For samples with the smaller Talbot power exponent of n = 0.1-0.5, the fine particles splashing phenomenon
occurred, and quite a lot of migrated fine particles were lost. The loss-migration-ratio attenuated with time by a power
function. Fractured mudstone with this continuous gradation had a high water-mud-inrush risk. (3) For samples with n=
0.6-1.0, large numbers of fine particles migrated with water flow, but only a few rushed out from the fractured mudstone.
The loss-migration-ratio attenuated with time by an exponent function. Fractured mudstone with this continuous gradation
had a stable inner structure; therefore, the water-mud-inrush risk was very low. The results will help geotechnical prac-
titioners to assess the water-mud-inrush risk and provide some references for the water-mud-inrush accidents prevention in
geotechnical engineering with Karst geological conditions.
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a The radius of the cylinder of the in the cylinder (L)
permeameter (L) M/, Mass of fine particles (M)
ay, as, by, by Coefficients (—) m; Total lost mass (M)
d The particle diameter of the current my; Total lost mass in the inrush mass loss
fractured mudstone (L) stage (M)
D The maximum particle diameter of fractured my Final total lost mass (M)
mudstone (L) my, Total lost mass in the rapid mass loss stage (M)
M Total mass of fractured mudstone (M)
My Mass of fractured mudstone with particles
Editorial handling: Liang Xiao diameters no greater than d (M)
n Talbot power exponent (—)
> Ha.ﬂing Kong P(d) Percentage of the mass of the particle
hailkong@126.com h .
whose diameter is less than d (—)
Py The percentage that m;; accounts for m;e(—)
College of Civil Engineering, Yancheng Institute of Technology, P » The percentage that m;,accounts for m lj(_)

Yancheng 224051, Jiangsu, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-019-4286-3&domain=pdf
http://orcid.org/0000-0002-0015-9906
mailto:hailkong@126.com

159 Page 2 of 12

Arab J Geosci (2019) 12: 159

q/q: Mass-loss rate (MT ' L)

qmax The maximum value of the mass-loss
rate (MTf1 L73)

Qo Gmi Mass-migration rate MT 'L

mmax The maximum value of the mass-migration
rate (MT ' L)

qs/qsi Water flow scour rate (MT ' L™%)

t Water flow time (T)

Uy, Water flow velocity (LT

ug, Fine particles’ migration velocity (LT ")

Vv Normal volume of the fractured mudstone
at the loose state in the cylinder (L%

Pl Poi Mass concentration of the fine particles
in the pore of fractured mudstone (ML)

Am; Mass of lost fine particles in the collection
time At; (M)

At; Collection time of the lost fine particles (T)

n Loss-migration-ratio (—)

Introduction

The distribution of Karst geological conditions accounts for
about one third of the total area in China. With the develop-
ment of wide-long-deep tunnel construction, the accompany-
ing water-mud-inrush accident has become one of the most
common disasters in geotechnical engineering with Karst geo-
logical conditions (Qian 2012). Some water-mud-inrush acci-
dents in Karst tunnels are listed in Table 1.

The accidents occurred frequently, which aroused the
wide concern of scholars. The multi-factors evaluation
methods (Li et al. 2013; Li et al. 2015a, b; Peng et al.
2016; Wang et al. 2016a, b, ¢, 2017a, b; Li et al. 2017a,
b; Shi et al. 2018), fuzzy comprehensive evaluation methods
(Li et al. 2011; Chu et al. 2017; Zhu et al. 2018), gray
evaluation models (Zhou et al. 2015a, b; Yuan et al. 2016;
Li and Yang 2018), mathematical theories (Yang and Zhang
2018), and mechanical-geology-mathematical models (Hao
et al. 2018) were effectively proposed to forecast the acci-
dents and provided scientific guidance for Karst tunnel

construction. However, these evaluation results did not de-
scribe the development and formation of water-mud-inrush
in Karst tunnel.

It is worth noting that mud always inrushes with water in
these accidents. In order to reflect the process of water-mud-
inrush in Karst tunnel, many scholars studied the inrush pro-
cess by establishing all kinds of coupled models by physical
model experiments (Herman et al. 2009; Zhou et al. 2015a,
b; Wang et al. 2016a, b, c; Liang et al. 2016; Wang et al.
2016a, b, c; Zhang et al. 2017; Yang et al. 2017; Li et al.
2017a, b; Pan et al. 2018; Zhao and Zhang 2018) and nu-
merical simulation (Chu 2016; Li et al. 2016; Hu et al. 2018;
Wu et al. 2017, 2018; Li et al. 2018 Liu et al. 2017a). Some
large-scale and visual 3-D geologic model test systems were
developed and established (Zhou et al. 2015a, b; Wang et al.
20164, b, c; Zhang et al. 2017; Li et al. 2017a, b; Pan et al.
2018), they found that before the inrush of water and mud,
and the mass of gushed particles decreases temporarily and
then increases rapidly; the catastrophic process was divided
into five stages—scattered tiny cracks, crack connection, wa-
ter channels, water channels extension and transfixion, water
inrush pathway—water inrush and mud gush presented when
the internal displacement of filling increased, stress and seep-
age pressure dropped successively from bottom up. Liang
divided the whole water inrush process into two periods—
accumulating period and instability period—and believed
that the water inrush in tunnel construction was the result
of water-rock coupling interaction (Liang et al. 2016). Zhao
divided the process of water-mud-inrush into several
stages—preparation-seepage-unstable-stable stages of mud-
water mixture outburst—and considered that excavation dis-
turbance, high water pressure, and effect of erosion and cor-
rosion of water were the key factors of the water-mud-inrush
in fractured rock masses (Zhao and Zhang 2018). Chu sim-
ulated and analyzed the micro- and macro-evolution process-
es of the karst conduit water inrush disaster by RFPA and
FLAC?® (Chu 2016). Li established a fluid-solid coupling
model for saturated broken rocks, calculated the stress field
and seepage field of the surrounding rock by FLAC" and
C++ program, and pointed out that because of the rock

Table 1 Details of some water-mud-inrush accidents in Karst tunnels (Hu-Rong-Xi 2009)
Accidents location Water-inrush (m3/day) Mud-inrush (m?) The negative effects Characteristics
DYS (DK1994 + 636) 4000~15,000 80 The tunnel was flooded, (1) The amount of sediment in

LT 30 (average) 1800
YLS (DK354 + 450) 96,000~165,600 1300
YLS (DK354 + 879) 72,000 (maximum) 6000
YLS (DK361 + 746) 240,000 15,000
YLS (3#) 145,000 4200
YSG (DK 124 + 602) 50,000 -8

the water was up to 20%~30%;
(2) a steady water flow would
last for a long time; and (3) the
accidents occurred accompanying
with flushing and scattering

construction was interrupted.

Human casualty was caused,
the work face was covered
by inrushed mud and rock
fragments.

Tt was reported that a lot of mud and sand inrush with water, but no exact data was recorded
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particles loss in the pore space, new seepage channels
formed when the fault was exposed, which led to the ground-
water inrush accidents (Li et al. 2016). The process of karst
water bursting was simulated by Fast Lagrangian Analysis of
Continua combined with FLACP, and the safety factor of
fillings in karst was calculated (Hu et al. 2018). Li and his
team probed the water flow characteristics after inrush using
the FLUENT software and showed that the flow velocity and
pressure nearby the working face without water inrush were
both small; as the water-inrush velocity increased, the pres-
sure and the flow velocity in the tunnels increased propor-
tionately (Li et al. 2017a, b; Wu et al. 2017, 2018; Li et al.
2018).

It is no doubt that these researches revealed the causes and
rules of the occurrence of Karst water-mud-inrush to some
extent. The original hidden aquifer structure will be inevitably
destroyed during the process of tunnel construction. The frac-
tured rock mass in the Karst tunnel will connect the aquifer
structure and form water-through passageways. The aquifer
structure becomes a water source, and water flows in the frac-
tured rock mass accompanying with mud and rock fragments’
migration and loss, which may lead to the water-mud-inrush
accident. However, the migration and loss rules of mud and
rock fragments with water flow in the Karst tunnel were not
mentioned basically in the above researches, which was
bound to affect the risk of the Karst water-mud-inrush
accidents.

Liu (Liu et al. 2017a, 2017b, 2018) pointed out that the
behavior of particles’ erosion and migration reflected the dy-
namic evolution of particle loss and water inflow in the frac-
tured rock. The flow pattern in the evolution process was
divided into the Darcy flow in the initial flow stage,
Brinkman flow in the rapid flow stage, and Navier-Stokes
pipe flow in the final flow stage. Due to the effect of particle
migration, the flow properties might change from Darcy to
non-Darcy flow, which was a key signal for water-mud-in-
rush, and initial porosity and water pressure were two main
effect factors; particle starting velocity was a critical condi-
tion. However, there were no details for the internal reasons
resulting from particles’ migration and loss, and the continu-
ous grading of fractured rock was not mentioned at all.

As we know, the content of particles in fractured rock di-
rectly influences the rules of migration and loss, which can
lead to the water-mud-inrush. Under the action of the water
flow scour, the fine particles migrate out from the fractured
rock, which changes the internal pore structure and increases
the porosity of the fractured rock. With enough space in the
fractured rock, large numbers of fine particles take part in the
migration, resulting in a large number of lost particles.
Continuously, when the lost mass achieves a critical value,
the water flow changes from seepage to pipe flow, and the
seepage instability occurs, which is called water-mud-inrush
accident in geotechnical engineering. Therefore, the fine

particles’ migration leading to the loss in the fractured rock
is an important reason for water-mud-inrush, and it has the
time dependence. For that reason, studying the time-varying
characteristics of fine particles’ migration and loss in fractured
rock under water flow scour is a basic work to prevent the
water-mud-inrush accidents in geotechnical engineering with
Karst geological conditions.

In this paper, we take the continuous graduation of frac-
tured rock as the influencing factor, analyze the time-varying
rules of fine particles’ migration and loss based on the mea-
sured lost mass in the experiments to discuss the internal rea-
sons of water-mud-inrush resulting from particles’ migration
and loss, and assess the risk.

Experimental process

A self-designed experimental system is used, which consists of
four subsystems, a pore water pressure loading and controlling
subsystem, an axial load loading and displacement controlling
subsystem, a data acquisition analysis subsystem, and a fine
particle migration and collection subsystem, as shown in Fig. 1.
The permeameter in the fine particles’ migration and collection
subsystem is the core component (Wang et al. 2017a, b; Wang
and Kong 2018; Kong and Wang 2018a, b).

As the mudstone is very common in the inrushed sediments
in the water-mud-inrush accident, we take the fractured mud-
stone as the experimental samples. We collected the mudstone
samples from Shanxi Province in China, and the initial
strength was measured as 36.8 MPa. According to the
American Society for Testing and Materials standard, the min-
imum diameter of a cylinder must be at least three times the
maximum rock grain size for eliminating the size effect. So,
when the fractured mudstone is sieved, we set the maximum
mudstone size as 25 mm. The fractured mudstone is sieved
into eight groups with their particle diameters as 0-2.5 mm,
2.5-5 mm, 5-8 mm, 8-10 mm, 10-12 mm, 12—-15 mm, 15—
20 mm, and 20-25 mm, as shown in Fig. 2.

Then, the fractured mudstone is mixed according to the
Talbot continuous grading formula:

P(d) leOO%z(%) % 100% (1)

where P(d) is the percentage of the particles mass whose
diameter is less than d, M, is the mass of fractured mudstone
with particle diameter no greater than d, in grams; M is the
total mass of fractured mudstone, in grams; d is the particle
diameter of the current fractured mudstone, in millimeters; D
is the maximum particle diameter of fractured mudstone, in
millimeters; and » is the Talbot power exponent. In our tests,
the values of Talbot power exponents are assigned as 0.1, 0.2,
0.3,0.4,0.5,0.6,0.7,0.8, 0.9, and 1.0.
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Fig. 1 Experimental system
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The mixed fractured mudstone sample is placed in the cyl-
inder of permeameter at the loose state. The total mass of the
sample, M, charged in the cylinder is 2000 g. According to
Talbot power exponent, the mass of eight particles diameters
groups for each sample is different, and the loose height, /, of
each sample in the cylinder is different too. The mass is de-
scribed in Fig. 3, and the loose height is shown in Table 2.

Ten sets of independent tests are required for 10 Talbot
power exponents, and three samples for each set, so 30 sam-
ples are tested.

The test steps are explained clearly as below in Fig. 4. The
continuous fine particles’ migration and loss with water flow
last for a long time. In order to master the fine particles’ mi-
gration and loss rules in fractured mudstone completely, the
testing time is longer than 18,000 s.

During every test, the pore pressure and the water flow will
be monitored using the pressure transducers and the flow
transducers in real time. The lost fine particles are separated
from the turbidity water by the vibrosieve. Then, they are

Fig. 2 Sieved fractured mudstone
in eight particles diameters groups
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collected, dried, and measured in a timely and stepwise man-
ner by the filtration method, which is in a high frequency in
the early test stage and then every 3600 s in the middle and late
test stage.

The description of the fine particles’
migration and loss

The fine particles refer to the fractured mudstone with diam-
eters of no more than 2.5 mm in our tests. The mass of fine
particles is my, in grams, which is different due to the Talbot
continuous grading formula. The mass of fine particles de-
creases with the increasing Talbot power exponent as shown
in Fig. 3. The large grains have the skeleton function, while
the fine particles have the filling function. Because of the
water flow scour, the fine particles migrate with water in the
pore space among the large skeleton grains, some of them are
rushed out with water, which is a long process.
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Fig. 3 The mass of eight particles diameters groups corresponding to ten
Talbot power exponents

The mass-loss rate

If the mass of lost fine particles is Am;=({=1,2,3, ", n),
corresponding collection time is At;=(i=1,2, 3, -, n); obvi-
ously, the total lost mass in the fractured mudstone sample
during each time period is

m; =Y Am; (2)
The mass-loss rate, g;;, can be calculated as follows:

N Ami
T VA

91 3)
where Vis the normal volume of the fractured mudstone at the
loose state in the cylinder, in cubic meters; it can be calculated
by the formula below:

V = ma*h 4)

in which a is the radius of the cylinder of the permeameter, in
meters, and / is the loose height of the fractured mudstone in
the cylinder, in meters.

Hence, the time-varying features of the mass-loss rate, ¢;;,
can easily be obtained by the experiment.

The mass-migration rate

In this paper, the action of water flow scour only refers to the
effect of water flow on the transport of fine particles, and the
effect of water flow on the breakage of the fractured mudstone
surface and on the reproduction of fine particles is not taken
into consideration.
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of 0.02MPa height

i of the
sample

Saturate the sample for half an hour

i Collect,
dry and
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through the sample for 18000s the lost

i fine
particles

Turn off the pump, and discharge the sample

Fig. 4 Test steps

the water flow scour rate,g,, can be deduced by Gauss diver-
gence formula (Wang and Kong 2017) as follows:

g, = div (pﬁ,?fp) (5)

In the simplified one-dimension problem, the Gauss diver-
gence formula can be expressed as

. 6qu
dlv(pﬁ)uﬁ,> = Pp 8; (6)

Supposed that there is no relative motion between the fine
particles and the water flow when the fine particles start to
migrate, the fine particles’ migration velocity, ug, can be
expressed as follows:

Uy = Uy (7)

in which, u,,, is the water flow velocity.
The real-time mass concentration of the fine particles in the
pore of fractured mudstone, pg,;, can be expressed as follows:

mf,-
Pi = “/p (8)

where my,; is the real-time mass of the fine particles in the
fractured mudstone, in grams, which will be varied in time
because of the fine particles’ loss. It is

mﬁ,,- = mﬁ,—EAm,- (9)

The corresponding real-time water flow scour rate,q;, is

If the mass concentration of the fine particles in the pore of - mp= X Am; Qu,, (10)
fractured mudstone is py,, the migration velocity is %', then * ma’h  Ox
Table 2  The loose height corresponding to ten Talbot power exponents
Talbot power exponent (7) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
The loose height (4)/mm 147 150 153 155 156 160 163 166 170 172
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Because we have supposed that the fine particles’ migra-
tion velocity approximately equals to the water flow velocity,
the water flow scour rate, gg;, is just the mass-migration rate,
qmi» of the fine particles.

Approximate thought that the water flow is a steady flow in
the fractured mudstone, and the height of the sample keeps the
original height during the water flow. The mass-migration rate
of the fine particles is expressed as

(m,;,—EAmi) Uy

T =) e 11
D o (11)

Obviously, the mass-migration rate, g,,;, varies in time and
relates to the water flow velocity.

Experimental results and analysis

The time-varying characteristics of the total lost mass
Lost fine particles can be measured directly in the test.
According to Eq. (2), the total lost mass, m1,, can be calculated.

Figure 5 shows the time-varying characteristics of the total

Inrush mass loss Rapid mass loss

lost mass. The curves are much flatter in greater Talbot power
exponents than that in smaller Talbot power exponents.

From Fig. 5, it is clear that the time-varying characteristics
of the total lost mass are different between the samples of n =
0.1-0.5 and the samples of n = 0.6—1.0. There are three stages
in the curves of n = 0.1-0.5, namely the inrush mass loss stage
from 0 s to 20s, the rapid mass loss stage from 20 to 7200 s,
and the slow mass loss stage from 7200 to 18,000 s. But, there
are only two stages in the curves of n =0.6—1.0, namely the
rapid mass loss stage from 0 to 7200 s and the slow mass loss
stage from 7200 to 18,000 s.

For samples with n=0.1-0.5, there are a large number of
fine particles in the fractured mudstone sample, and there will
be much more in the smaller Talbot power exponent samples;
even it accounts for 80% of the total mass when n = 0.1. When
the pump is opened, the easily migrated fine particles are
splashed with water flow in the first 20 s, and the splashed
fine particles are of great many, and the lost speed is fast.
Correspondingly, it is presented as the inrush mass loss stage
when the time-varying curves increased sharply, and the vi-
bration phenomenon of permeameter would be observed in
the tests in this stage. Occasionally, in the instant of flushing,
few particles larger than 2.5 mm were splashed out. After this
inrush mass loss stage, the pore space becomes larger, and

Slow mass loss
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some fine particles are rushed out continuously and smoothly
from 20 to 7200 s, which performs a rapid mass loss stage in
the curves.

However, for samples with n = 0.6—1.0, with the increasing
Talbot power exponents, the loose heights are higher as shown
in Table 2. A small number of fine particles filled in the large
skeleton grains, which forms a larger pore space in the sam-
ples. When the pump is opened, there is no fine particles spay
out, but some migrate out smoothly from the sample. The
curves perform the rapid mass loss stage.

After the rapid mass loss stage, the fine particles that mi-
grate with water flow last for a longer time, and the amount of
the fine particles that migrated out from the fractured mud-
stone is much less because of the relatively balanced structure
in the sample. The curves perform a slow mass loss stage for
samples with n=0.1-0.5 and n =0.6-1.0.

The total lost mass in the inrush mass loss stage, the total
lost mass in the rapid mass loss stage, and the final total lost
mass are expressed symbolically as my;, m;,, and m; respec-
tively. The percentage that m;; accounts for m; and the per-
centage that m;, accounts for m;care expressed symbolically as
Py and P,y respectively. Table 3 shows the mass and the
percentage.

It can be seen in Table 3 that the percentages, P;; for sam-
ples n=0.1-0.5 have an average value of 52%. This large
value comes from the splashed fine particles in the
permeameter, and it may change the water flow state in the
fractured mudstone from seepage to pipe flow. This phenom-
enon is dangerous for a water-mud-inrush accident in geotech-
nical engineering.

It also shows from Table 3 that the percentage, P, is close-
ly related to the Talbot power exponent. Generally, the sam-
ples with Talbot power exponents of n = 0.1-0.5 have a higher
percentage, and the average value is about 93%. While the
samples with Talbot power exponents of n=0.6—1.0 have a
lower percentage of about 78% averagely.

There are a large number of fine particles in the samples
with smaller Talbot power exponents of n=0.1-0.5. In the
beginning, the easily migrated fine particles transfer fast with
water under the pore pressure. The amounts of the lost mass in
this rapid mass loss stage are large, so the percentage of which
account for the final total lost mass is higher. On the contrary,
there are not enough fine particles in the samples with Talbot
power exponents of n=0.6-1.0, the fine particles migrate

slowly under the pore pressure, and the pore structures are
stable; therefore, even in the rapid mass loss stage, the lost
mass is less, and the splashing does not happen.

The time-varying characteristics of the mass-loss rate

According to Eq. (3), the mass-loss rate can be calculated.
Figures 6 and 7 show the time-varying characteristics of the
mass-loss rate when n = 0.1-0.5 and n = 0.6—1.0, respectively.

In Fig. 6, the time-varying curves are divided into the sharp
decline stage (0-20 s), rapid decline stage (20-7200 s) and
slow decline stage (7200-18000 s) for the samples with n =
0.1-0.5. And, in Fig. 7, the curves are divided into the gradual
decline stage (0—7200 s) and slow decline stage (7200—
18000 s) for the samples with n =0.6—1.0. Sometimes, there
is a little growth in the decline stages for the samples of n =
0.4,n=0.7, and n=0.9. Maybe it comes from the pore struc-
ture adjustment.

The contents of the fine particles in fractured mudstone
samples with n = 0.1-0.5 are large. When the pump is opened,
lots of fine particles splash in a very short time under the pore
pressure, the mass-loss rate achieves its maximum, and the
magnitude is up to 10* g s™' m™, as seen in Fig. 6. After the
splashing, the magnitude is down to 10" g s™' m >, which
shows the sharp decline in the curve. As the time goes from
20 to 7200 s, the easily migrated fine particles become less
and less, the lost mass becomes less correspondingly, and the
magnitude of the mass-loss rate is about 10° g s™' m™>, which
shows the rapid decline in the curve. The slow decline stage
corresponds to the magnitude range from 10° to
107" g s7' m™, and this stage lasts for a long time from
7200 to 18,000 s. In this stage, the decline of the mass-loss
rate is more and more slowly.

In Fig.7, there is no phenomenon of splashing during the
whole experiment for samples with n=0.6-1.0.
Accompanying with less lost fine particles, there is only an
adjustment between the migrated fine particles and the large
skeleton grains in fractured mudstone. The magnitude of the
mass-loss rate changes from 10° to 10" g s™' m™ during this
adjustment process, corresponding to the gradual decline stage
from 0 to 7200 s. In the slow decline stage, the magnitude
keeps basically in 10" g s™' m in a long time from 7200 to
18,000 s. Sometimes, the magnitude drops to 10 > gs ' m >
for samples with n=0.9-1.0.

Table 3 The total lost mass in

different stages and the n 0.1 0.2

percentages my; (8) 188.6 151.9
my, (g) 352.2 302.2
my () 365.6 347.7
Py(%) 2% 44%
Py(%) 9%  87%

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
181.3 142.7 75.1 - — - - —
293.7 2113 165.6 40.6 4.76 18.1 16.0 16.9
308.4 216.2 184.6 61.8 72 23 17.9 19.0
59% 66% 41% - - - - -
95% 98% 90% 66% 66% 79% 89% 89%
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Fig. 6 The mass-loss rate varies in time for samples with n=0.1-0.5

The maximum values of the mass-loss rate, g;max, With
different Talbot power exponents, n, are listed in Table 4.

It can be deduced that the maximum value of the mass-loss
rate is determined by the total lost mass in the inrush mass loss
stage for samples of n = 0.1-0.5, and the rapid mass loss stage
for samples of n = 0.6—1.0. The samples with n =0.1-0.5 have
greater lost mass and shorter inrush mass loss stage duration;
thus, they have the larger mass-loss rates, the maximum value
even achieves 1.18 x 10* g s™' m . For samples with n = 0.6—
1.0, because of the less lost mass and longer rapid mass loss
stage duration, the maximum value of the mass-loss rate is

only 822 gs ' 'm".
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Fig. 7 The mass-loss rate varies in time for samples with n =0.6-1.0
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The time-varying characteristics
of the mass-migration rate

According to Eq. (11), the mass-migration rate can be calcu-
lated. Figures 8 and 9 show the time-varying characteristics of
the mass-migration rate when n=0.1-0.5 and »=0.6-1.0,
respectively.

In Fig. 8, there are a rapid decline stage from 0 to 20s and a
slow decline stage from 20 to 18,000 s. It is considered to be a
dynamic pore pressure that when the pump is opened, a large
number of fine particles are scoured by water flow, resulting in
the migration. In the first 20 s, the migrated fine particles are
so many that the mass-migration rate is great. After the first
20 s, the pore structure becomes stable gradually, and the
scouring effect of the water flow becomes stable, too.
Because of the continuous particle loss, the migrated fine par-
ticles become less after a long time, so the mass-migration rate
performs a slow decline stage.

In Fig. 9, the mass-migration rate performs a slow decline
tendency throughout. There are much larger skeleton grains
and relatively less filling fine particles in the samples with
larger Talbot power exponents. There is enough pore space
among the large skeleton grains for the fine particles to mi-
grate, and the migrated fine particles transfer with water flow
in a stable state. As the fine particles migrate out from the
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Table 4 The maximum values of the mass-loss rate with different Talbot power exponents (g s ' m ™)
n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Gimax 1.18 x 10* 1.18x 10* 1.01 % 10* 0.79 x 10* 0.32x 10 8.22 1.31 2.68 225 322

fractured mudstone continuously, the migration mass in the
later test process is much less than it in the early process, so
the mass-migration rate has a decline change.

The magnitude of the mass-migration rate decreases only
from 10° to 10* g s' m™> with the increased Talbot power
exponent. It is because the mass-migration rate is not only
related to the lost mass, but also related to the water flow
velocity. The effect of velocity on the mass-migration rate is
larger than that of lost mass.

The maximum values of the mass-migration rate, ¢,,max
with different Talbot power exponents, 7, are listed in Table 5.

Compared Tables 4 and 5, for samples with n=0.1-0.5, the
mass-migration rate is only 10 times larger than the mass-loss
rate, it is deduced that quite a lot of migrated fine particles are
lost. However, for n = 0.6—1.0, the mass-migration rate is near-
ly 10* times larger than the mass-loss rate; it is deduced that
large numbers of fine particles migrate with water flow, but
only a few are migrated out from the fractured mudstone.

The relationships between loss-migration-ratio
and time

There is particle migration in fractured rock mass under water
flow scour, which causes the structural change of fractured
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Fig. 8 The mass-migration rate varies in time for samples with n=0.1-0.5

rock mass, and migration is not the decisive factor of seepage
stability, the amount of loss in migrating particles is the one.
Therefore, the mass-loss rate and the mass-migration rate are
used to define a physical quantity to describe the amount of
loss in migrating particles, and it also could be used as a factor
to assess the risk of water-mud-inrush accidents.

The loss-migration-ratio, 7, is defined and calculated as
below.

q

= (12)

Obviously, the loss-migration-ratio is affected by Talbot
power exponent and varies in time. As time goes on, the faster
it decays, the larger the proportion of loss to migration; the
more likely seepage instability happens, the higher the risk of
water-mud-inrush accidents is, and vice versa.

Figure 10 shows the time-varying features of the loss-mi-
gration-ratio. It can be fitted by the functions in Table 6.

The loss-migration-ratio varies in time as a power function
when n=0.1-0.5, and it is an exponent function when n =
0.6-1.0. They are expressed in generic forms as:

n=a", (n=0.1-0.5)
n=ae™, (n=0.6-1.0)

where coefficients a;, b, a,, and b, are the functions of Talbot
power exponent, #n, and can be calculated from the following
equations:

a = -0.0711% + 0.043n + 0.004 (n = 0.1*0.5) (15)
by = 1.8007%—0.9681—0.586 (n = 0.170.5) (16)
a = 0.003112%-0.00491 + 0.0020 (n = 0.6*1.0) (17)
b, = —0.0026n1> + 0.00401—0.0017 (n = 0.6*1.0) (18)
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Fig. 9 The mass-migration rate varies in time for samples with 7 =0.6-1.0
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Table5 The maximum values of the mass-migration rate with different
Talbot power exponents (x 10° gs™' m )

n 01 02 03 04 05 06 07 08 09 10
1.18 139 1.10 085 0.66 0.50 037 029 022 0.17

4mmax

Obviously, for samples with different Talbot power expo-
nents, the loss-migration-ratio has different relationships with
time. When the samples have higher contents of small and fine
particles, the loss-migration-ratios of the samples attenuate
fast with time. Fractured mudstone mass similar to this con-
tinuous gradation has a higher risk of water-mud-inrush at the
beginning of the water flow in geotechnical engineering with
Karst geological conditions. On the contrary, the loss-
migration-ratios of the samples with much higher contents of
large skeleton grains present a slow time-dependent attenua-
tion. For fractured mudstone mass like this continuous grada-
tion, the possibilities of water-mud-inrush accidents are very
small in geotechnical engineering with Karst geological
conditions.

Combining the time-varying characteristics of the total lost
mass, the mass-loss rate, the mass-migration rate, and the loss-
migration-ratio, it can be found that the water flow system in

the fractured mudstone has the non-linear and time-varying
characteristics because of the fine particles’ migration and
loss. We consider that the migrated fine particles have the
same velocity as the water flow and get the rules of fine par-
ticles” migration from quantity, rather than only observing and
speculating in experiments. This research can provide refer-
ences to forecast and prevent the water-mud inrush accidents
in tunnel construction experimentally and theoretically.

Conclusions

The water flows in the fractured mudstone have the non-linear
and time-varying characteristics because of the fine particles’
migration and loss, which may lead to water-mud-inrush ac-
cidents in geotechnical engineering with Karst geological con-
ditions. To study the rules of fine particles’ migration and loss
is the basis for researching the water-mud-inrush mechanism.

The rules of fine particles’ migration and loss are different
in the fractured mudstone due to the Talbot power exponent.
For the smaller Talbot power exponents of n=0.1-0.5, the
splashing phenomenon can be observed in tests, and a large
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(a) n=0.1-05 (b) n=0.6-1.0
Fig. 10 The two different variations in time of the loss-migration-ratio (7 =0.1-0.5 & n=0.6—1.0)
Table 6 The relationships of the
loss-migration-ratio varying in Talbot power exponent () Fitting function Correlation
time coefficient
0.1 n=0.008¢ 6% 0.882
0.2 n=0.0086¢ "’ 0.872
0.3 n=0.01077 6% 0.905
0.4 n=0.01077°7"° 0.894
0.5 n=0.00747 7 0.914
0.6 n=1.98 x 104 2:40x10™" 0.885
0.7 n=0.196 x 1074123x10"% 0.805
0.8 n=0.832 x 1074 148107 0.908
0.9 n=0.967 x 1074 215x10% 0.890
1.0 n=1.57 x 107425810 0.911
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number of fine particles migrate out from the fractured mud-
stone in a short time, which performs the inrush mass loss,
sharp decline, and rapid decline in the curves of total lost
mass, mass-loss rate, and mass-migration rate, respectively.
The loss-migration-ratio attenuates with time by a power func-
tion. Fractured mudstone with this continuous gradation has a
high water-mud-inrush risk. For the other five Talbot power
exponents of n = 0.6—1.0, although the fine particles migrate a
lot, few fine particles are lost. It has a stable structure in the
fractured mudstone, and the water-mud-inrush risk is very
low.
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