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Abstract

Water inrush during the excavation of mines or mining is one of the great challenges in underground
engineering work in China. To prevent and/or mitigate water inrush, natural sedimentary rocks with
low-permeability, which include the mudstone and sandstone found in underground excavations, are
exceptional materials for geological barriers. The aim of this work is to therefore investigate the hydraulic
properties of sedimentary rocks in a deep tunnel, with the application of high-pressure packer tests
(HPPTs). The experimental results indicate that both the mudstone and sandstone are low permeability.
The measured injection pressure-flow rate (P-Q) can be divided into two phases: Phase I — a flow that
is Darcian with a linear relationship, and Phase II — changes in the flow pattern with an exponential
relationship. Water injection primarily triggers fracture dilation, and then results in an evident increase
in hydraulic conductivity. The hydraulic conductivity versus water pressure distribution phase can be
considered as three flow phases: the initial flow phase, initiation of flow communication phase, and
non-steady state flow phase. The calculated original fracture apertures in mudstone and sandstone are,
respectively, 0.37 and 0.33 mm. Furthermore, a conceptual model with two phases of fracture aperture
versus water pressure is proposed.
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Introduction recent years, the economy of China will still be highly

dependent on coal extraction and production in the

Currently, China is the world’s largest coal producer foreseeable future [2]. However, groundwater inrush into
[1]. Although China has restricted its coal output in the mine working face is a common occurrence during

the extraction of this important resource [2-5], which is
one of the greatest challenges in underground engineering
[5-13]. Statistics for the past 20 years in China show that
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Fig. 1. Severe mine water inrush accidents in China from 2000
to 2016.

inrushes have occurred in more than 250 coal mines
and have resulted in more than 2,000 casualties. Even
though the number of water inrush events and deaths
have been declining since 2005 (Fig. 1) [4], the immense
danger posed by inrushes cannot be neglected because
they cause serious loss of human life and are financially
detrimental (Fig. 2). In addition, groundwater inrushes
also pollute the environment [2, 14-15]. Therefore, field
and laboratory investigations that predict and examine
water inrush [16-18], and the effects of groundwater
inrush on the hydraulic and mechanical properties of
rock masses [17, 19-21], have been extensively carried
out.

Natural sedimentary rocks that are found in
underground excavations are considered to be a good
candidate for waterproofing coal mines as they have
low permeability. The rapid development of the coal
industry in China in the past decade means that
significant exploitation of coal seams in deep mines has
taken place [22]. As a result, the risk of water inrush
is increased due to the complex geological conditions
(c.g., subject to geostatic stress, high water pressure,
and high temperatures) [22]. Therefore, there is practical
importance for studying the hydraulic properties of
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Fig. 2. Types of severe geological disasters in coal mines and
their percentages from 2005 to 2014 in China.

sedimentary rocks that are subjected to high water
pressure. In-situ hydraulic tests, such as conventional
hydraulic tests (CHTs) and high-pressure packer tests
(HPPTs), are commonly used to measure the hydraulic
properties of rocks [23-25]. However, CHTs may not
apply to extremely low permeable rocks or when pressure
sensitivity of permeability is an issue. These limitations
can be addressed by using modified HPPTs [25]. Thus,
there has been an increasing emergence of using HPPTs
as an alternative to CHTs for evaluating the hydraulic
properties of rocks in water resources and hydraulic
engineering, but they have been less frequently used to
examine natural sedimentary rocks in coal seam floors
of deep mines. Therefore, the hydraulic properties of
sedimentary rocks found at a depth of about 650-800 m
in a test site in the Dongtan Mine, Jining City, Shangdong
Province in China, are determined through HPPTs, and
equations that show the evolution of rock permeability
and fracture dilation when subjected to water pressure
are provided.

Experimental Details

The test site is located in Dongtan Mine, Jining City,
Shandong Province in China (Fig. 3a), where there are
plans for mining coal seams at greater depths. Two types
of natural rocks, i.e., mudstone and sandstone, found
at a depth of 650 to 800 m and initially undisturbed
were examined through high-pressure packer testing
with high-pressure injections of water (Fig. 3b) for
determining the in-situ hydraulic properties [26]. Table
1 shows the physical and mechanical properties of the
test sections. The equipment for the high-pressure packer
testing consisted of a down hole injector for carrying out
the injection and an aboveground instrument for
monitoring the process and recording the data [25-27].
Water was injected into the rock between two inflatable
packers that spanned the test site. Details on the
procedures of high-pressure packer testing have been
provided in the literature (see Chen et al. [25]). The
HPPTs in our work were conducted with a stepwise
increase (0.5-2.5 MPa) of the injection pressure until a
maximum injection pressure of approximately 13 MPa
, and then the injection pressure was kept constant
until the flow rate reached a steady or quasi-steady

Table 1. Physical and mechanical properties of the test sections.

. First test | Second test
Information . .
section section
Lithology Mudstone | Sandstone
Compressive strength (MPa) 18.0~36.9 | 79.6~89.0
Tensile strength (MPa) 1.2~3.0 7.7~9.8
Poisson ratio 0.22~0.29 0.19~0.23
Elastic modulus (GPa) 3.9~8.2 16.0~24.7
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Fig. 3. Experiment setting of the HPPT: a) location of the tested area, b) schematic diagram of the HPPT method, and c) the cores forming

the injection zone.

state. Water was injected into the rock samples and the
injection pressure (P), observed pressure (p), and flow
rate (Q) were measured.

The rock samples that were originally drilled from
the test site were petrographically analyzed using x-ray
diffraction (XRD) and scanning electron microscopy
(SEM). The clay (<2 pum) layers have 55% kaolinite,
39% illite, and a mixed mineral composition of 4%
illite/montmorillonite; the mudstone layers have 1%
montmorillonite and 1% chlorite; and the sandstone
layers have 57% kaolinite, 36% illite, a mixed
mineral composition of 4% illite/montmorillonite,
1% montmorillonite, and 2% chlorite. They have
low porosities of 1.8% to 6.4%, which leads to low
permeability.

Results and Discussion

Hydraulic Conductivity of Rocks Subjected
to High Water Pressure

Table 2 shows the results of the two different
approaches for testing used in this study, i.e., single
borehole (Eq. 1) and cross-hole (Eq. 2) testing, to
determine the hydraulic conductivity (k) of fractured
geological media based on in-situ hydraulic tests. Both
approaches assume a steady-state laminar flow in the
homogeneous and isotropic media around the boreholes.
Single borehole testing has been used for many years
to determine the distribution of permeability along
boreholes [24, 28-30], and Eq. 1 is the commonly applied
equation:

k=—2 n(z/r)

27Z'LH0 (1)

...where k is hydraulic conductivity, Q is the flow
rate, L is the length of the tested section, H, is

the water head difference, and r  is the diameter of the
borehole.

Compared with a single borehole test, the cross-bore
test is carried out by drilling one injection or pumped
borehole and one observation borehole [4, 20, 31-33].
For the second approach, hydraulic conductivity can
be calculated using the data collected from the two
boreholes. In this study, during each step of HPPTs, Q is
an assumed constant and P is kept constant, the hydraulic
conductivity k& is then deduced from Darcy’s Law and
Dupuit’s equation [4, 20, 33]:

O(nR-Inr)

- 27rL(HP0 —HE) o

...where k is hydraulic conductivity, Q is the flow
rate, R is the distance from the injection borehole
to the observation borehole, 7 is the diameter of the
borehole, and H,, and H, are the head in the injection
and observation boreholes, respectively. In this study,
hydraulic conductivity was estimated using Eq. 2.
Fig. 4a) shows the changes in water pressure (P and
p), flow rate (Q), and hydraulic conductivity (k) with
time during the injection, which proceeded for 250 min.
As can be observed, p and k are initially constant in
the mudstone and sandstone for the first injection and
then increase slightly after about 26 and 15 min (Point
S, in Fig. 4), respectively, and then significantly increased
at an injection pressure of about 11.32 and 8.98 MPa
(Point S_in Fig. 4), respectively. The results indicate that
the communication of water flow is initiated at S, and
hydraulic fracturing at S_. The relationship between the
hydraulic conductivity (k) and injection pressure (P) is
shown in Fig. 4b), in which the trend of change in the
k-P curves is basically the same. No apparent increases
in hydraulic conductivity can be detected until P reaches
the threshold pressure, which is about 162 and 60 min
into the experiment for the mudstone and sandstone,
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Table 2. Overview of the mathematical model for hydraulic conductivity calculation.
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Fig. 4. a) Water pressure (P, p), flow rate (Q), and estimation of rock permeability (k) induced over time by water injection;(b) hydraulic
conductivity (k) versus injection pressure (P).
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respectively. The results show about a 4-fold increase
in the hydraulic conductivity of the mudstone from
41 to 17.7x10® cm/s and a 2-fold increase in the
hydraulic conductivity of the sandstone from 3.2 to
6.4x10"® cm/s during the water injection. These increases
in hydraulic conductivity are probably the result of
the opening of fractures within the rocks under high
injection pressure. When the measurements from
the HPPTs and corresponding changes in hydraulic
conductivity are examined, they reveal three flow
phases. Phase I is defined here as the initial flow phase,
and takes place in the early stages of high-pressure
packer testing, wherein no notable pressure variations
can be detected in the observation borehole, and % is
the initial hydraulic conductivity. Phase II is the
initiation of flow communication phase in which
the injected water flows to the observation borehole
through the pores and fractures within the rock [20],
and k is somewhat changed. Phase III is defined as
the non-steady-state flow phase, wherein further
increases in the injection pressure result in initiation
of new fractures and propagation of old fractures
within the rock, and consequently & is increased due
to significant fracture dilation and hydraulic fracturing
[20, 25, 34].

Relationship between Flow Rate
and Injection Pressure

Characterization of the injection pressure-flow rate
(P-0Q) plots obtained from the HPPTs plays an important
role in understanding the flow behavior in rocks under
increasing injection pressure [25]. Quinn et al. [35-36]
discussed the relationship between the flow rate and
applied head in the borehole, which was used to identify
the flow regime. In a flow that is Darcian, Q/P is a constant
(or the inverse, P/Q is a constant), i.e., the Darcy flow
is a linear relationship between flow rate and pressure.
Numerical analyses carried out by Rutqvist [37] on
injection tests showed that the flow rate at each pressure
step is strongly dependent on the fracture aperture and
normal stiffness near the borehole, which has the highest
flow resistance and pressure gradient. In addition, in
the pressure versus flow rate response from a hydraulic
test carried out in southeastern Sweden on Laxemar
crystalline rock, the flow rate increased as a nonlinear
function of pressure [37]. Fig. 5 shows the relationship
between the flow rate and the injection pressure from
the HPPTs in this study. It can be seen that the flow
rate increases linearly with pressure until the fracturing
threshold has been exceeded. The reasons for the
non-linearity have been provided by many researchers
[25, 35-37]. The results of this study are in agreement
with Quinn et al. [35-36], in that the non-linearity is
caused by a high injection pressure, i.e., the critical
pressure that causes fracture dilation and/or hydraulic
fracturing. Nonetheless, as shown in Fig. 5, the initial
and partial transitional flow of HPPTs still retain a linear
relationship between Q and P, which is a flow that is

Darcian [38]. Thus, the initial hydraulic conductivity can
be calculated using Darcy’s law.

Furthermore, the Q-P relationship can be used to
investigate the hydraulic conductivity of the tested
sections [25, 39-41]. Fracture dilation and hydraulic
fracturing can change flow patterns, which is the
critical state. The P-Q curves (Fig. 5) show the phase
characteristics which can be approximately divided
into two phases. In Phase I (i.e., 0<Q =0.44 L/min in
Fig. 5a) and 0<Q =0.19 L/min in Fig. 5b), the flow
rate (Q) is approximately linearly proportional to the
injection pressure (P) with high regression coefficients
(R°= 098 and 0.89, respectively), which indicates
that the hydraulic conductivity of the rock masses can
be approximated with a constant and the flow in the
rocks is Darcian [4, 25]. Thus, the calculated hydraulic
conductivity in this phase can be considered as the initial
hydraulic conductivity of the tested sections. In Phase
I, as the injection pressure increases up to the critical
pressure (P ), significant fracture dilation and hydraulic
fracturing occur in the rocks between the injection and
observed boreholes [25]. Darcy’s law breaks down and
the P-Q curves show non-linearity, thus indicating flow
regime variation during the injection, i.e., changing from
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Fig. 5. Relationship between flow rate (Q) and injection pressure
(P); a) mudstone and b) sandstone.
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a Darcy flow to a non-Darcy flow. As shown in Fig. 5,
the P-Q curves in Phase II can be adequately
approximated with the following function in which
R’=1 and 0.80, respectively:

PZOZ(Q—QC)ﬁ'FB 3)

...where o and B are the fitting coefficients, P is the
critical pressure that initiates the hydraulic fracturing,
and QO is the corresponding flow rate. The results show
that the values of P are 11.32 and 6.98 MPa for the
mudstone and sandstone, respectively

Fracture Dilation Characterization

Hydraulic apertures are an important means for
studying the hydraulic properties of rocks [41-42].
Apertures or fractures are the primary channels for
groundwater flow in rock masses [5, 43-45]. As a result
of the opening, the growth and propagation of fractures
in rock masses are caused by excavation and high water
pressure [25], water channels from inrush form, and
there is the flooding of groundwater into the excavated
areas. It is well known that fracture apertures are the
key parameter for characterizing flow in fractured rock
media [46]. However, determining the distribution of
fracture apertures is an extremely difficult task because
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Fig. 6. Fracture propagation behaviors induced by water
injection.

natural fractures are generally rough and irregular
with uneven surfaces, which usually make contact at
several discrete points [46]. Therefore, the properties of
a simple fracture are usually studied through laboratory
experiments [38, 47-49] and numerical simulations [46,
49-50]. Despite extensive studies by numerous researchers
on flow through fractures, there is still no universal
consensus on a quantitative relationship between fracture
permeability and fracture apertures [46].

Nevertheless, the well-known “cubic law” has been
proposed, which assumes that flow through two parallel
plates is confined between the plates [40]:

3.
_gel
Q 12u

@

...where Q is the flow rate, e is the fracture aperture, i
is a dimensionless hydraulic gradient, p is the dynamic
viscosity of the fluid, and g is acceleration due to gravity.
The fracture aperture (e) can be deduced with the

“cubic law” [38]:
1/3

12
o=| 2124

l
& )

However, the classical cubic law generally
overestimates flow through real fractures and does not
take into account local tortuosity and roughness [51].

Fig. 7. 3D topographies of fracture surfaces a) before and b) after
water washing (Yang et al. 2013).
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Hence, the classical cubic law may be not fit the actual
condition well. However, due to the complex factors,
matching the cross-hole testing data with an accurate
model that incorporates flow path geometry and hydraulic
properties is unlikely to have neither a simple nor a
unique solution. We therefore used Eq. 5 to calculate the
fracture aperture (e).

The results in Fig. 6 show the calculated fracture
aperture (e) from the experimental data by using Eq. 5.
The fitting results show that an exponential relationship
is found between P and e, with high regression
coefficients (R>= 0.86 and 0.99, respectively). Fig. 6
also demonstrates the gradual evolution of fracture
apertures in rocks during water injection and can be
divided into two phases based on the critical point, which
agrees well with flow behaviors:

(1) Phase I (initial flow phase and initiation of flow
communication phase), which occurs in the early stages
of a hydraulic test, in which Q increases linearly with P
[25], and e is approximately constant and considered as
the original fracture aperture:

e=¢, (P<F) ©)
..where e is the original fracture aperture of the
rocks, and e = 0.37 and 0.33 mm for the mudstone and
sandstone, respectively, and P is the critical pressure
that corresponds to the initiation of hydraulic fracturing.
In this phase, water flows from the injection to the
observation boreholes through the original pores and
fractures.

(2) Phase II (non-steady-state flow phase or
hydraulic dilation) describes the hydraulic dilation that
takes place after the critical point, and fracture aperture
(e) increases because of the formation of new fractures
due to hydraulic fracturing. In this phase, the water
pressure is higher than the critical pressure (P), which
could lead to hydraulic fracturing, and will contribute
to the development of flow channels, i.e., the formation

of a fracture network. Moreover, high-pressure water
flow can result in the widening and interconnecting of
fractures (Fig. 7), and the hydro-mechanical properties
are mainly affected by the complex morphological
characteristics of fracture surfaces [52]. As a result,
significant changes in the hydraulic properties will
take place in this phase, which is noteworthy. Fracture
aperture (e) versus water pressure (P) in Phase II
can be simplified as a linear relationship to make the
calculation convenient. Then, the e—P curves in this
phase can be adequately approximated with the following
function:

e=et(p-p) (P2P)

de

... where dP s the proportionality coefficient.

A conceptual model of fracture aperture (e) versus
water pressure (P) in the rock masses is presented in
Fig. 8, which can be approximated with a constant in
Phase I and simplified with a linear relationship in Phase
II. Thus, (P, e)) is considered an important point that
distinguishes flow phases, i.c., initial phases when P is
lower than P, and hydraulic-dilation phase when P is
higher than P . The two phases represent changes in the
geometric characteristics of the fractures.

Conclusions

This work examines the hydraulic properties of
natural sedimentary rocks in underground excavations
between a deep tunnel and aquifers by using HPPTs,
which have an important role for assessing the risk of
water inrush. The following conclusions can be drawn
from the presented results.

The results of the HPPTs indicate that mudstone and
sandstone are compact materials with low permeability.
The hydraulic conductivity varies with changes in
the water pressure. High water pressure can result in
several-fold increases in rock hydraulic conductivity. It
is concluded that the hydraulic conductivity (k) versus
water pressure (P) distribution phase is characterized
by two key points (S, and S ), i.e., the initial flow phase,
initiation of flow communication phase, and non-steady
state flow phase, thus representing the gradual evolution
of rock permeability.

The flow rate (Q) increases linearly with injection
pressure (P) until the fracturing threshold has been
exceeded. Two distinct regimes of flow (Phases I and II)
are proposed in accordance with the characteristics of the
P-Q plots obtained from the HPPTs. A linear relationship
between the flow rate and pressure in Phase I can be
used to identify the beginning of the Darcy flow, and
thus initial estimations of hydraulic conductivity may be
carried out based on regression analysis. Fracture dilation
and hydraulic fracturing can both contribute to changes
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in the flow pattern as the injection pressure increases up
to the critical pressure (P).

The evolution of fracture apertures in rocks induced
by water injection can be divided into two phases based
on the critical point, i.e., the initial phase and hydraulic
dilation phase, which represent changes in the fracture
characteristics. A conceptual model of fracture aperture
versus water pressure in the fractured rocks can be
examined in future studies.
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