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Abstract

Deep coal mining in the Yanzhou coalfield is threatened by a confined Ordovician limestone aquifer where water pressure
exceeds 10 MPa. High-pressure injection tests are widely used to characterize the hydraulic properties of water-resisting
fractured rock strata under such conditions, although estimating hydraulic conductivity remains an issue. This paper presents
an approach to estimate it, using data from several high-pressure injection tests by accounting for the flow conditions. Typical
P—Q curves obtained from the injection tests were summarized and divided into Darcian and non-Darcian flow phases, and
an equation was proposed to estimate the hydraulic conductivity of fractured rocks. The hydraulic conductivity is pressure
dependent and increased by injection pressure in the non-Darcian flow phase, due to hydraulic fracturing. As one would
expect, the hydraulic conductivity estimated using the new equation was much greater than that estimated using Darcy’s law.
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Introduction

Coal remains the primary energy source in China (Ding
et al. 2017). China produced an estimated 3.46 billion met-
ric tons (t) and 3.52 billion t of coal output in 2016 and
2017. According to China’s National Energy Development
Strategy Plan (2014-2020), coal will continue to control
China’s energy strategy, contributing more than 60% of the
country’s energy (Zhang et al. 2016). However, coal produc-
tion in China is always threated by water inrush accidents
(e.g. Bai et al. 2013; Bukowski 2011; Huang et al. 2014; Ma
et al. 2017; Meng et al. 2012; Zhang and Shen 2004). Water
inrush risk rises with increased water pressure and mining
depth (Meng et al. 2012). The most serious of the possible
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water disasters affecting coal production is groundwater
inrush from the Ordovician limestone underlying the Permo-
Carboniferous coal seams in northern China (Bai et al. 2013;
Zhang and Shen 2004). The Ordovician limestone is a con-
fined karst aquifer that contains an abundant supply of water
under a hydrostatic pressure that exceeds 10 MPa; however,
the strata between the coal seams and this aquifer, which
act as barrier to groundwater inrush, are relatively thin in
these coalfields (Bai et al. 2013; Peng and Zhang 2007). The
hydraulic conductivity of fractured strata is important for
understanding groundwater flow and transport phenomena
in a rock aquifer system (Chen et al. 2015) and for investi-
gating the risk of water inrush (Huang et al. 2018; Zhu and
Zhang 2018). In addition, other applications ranging from oil
production to high-head pumped-storage power stations and
underground engineering have an increasing requirement for
the hydraulic conductivity of rock strata (Angulo et al. 2011;
Huang et al. 2016; Zhou et al. 2018).

In-situ pumping or injection tests are considered to be
a reliable technique for investigating the hydraulic proper-
ties of rocks in field conditions (Chen et al. 2015; Hamm
et al. 2007; Huang et al. 2016, 2018; Neuman 2005; Zhu
and Zhang 2018). Conventional hydraulic tests are typically
performed at low injection pressures (< 1 MPa) or low flow
rates, which are inappropriate for deep environments with
high water pressure (Chen et al. 2015; Huang et al. 2018;
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Zhou et al. 2018). High-pressure injection tests are com-
monly used to investigate the hydraulic properties of rock
formations under high water pressure in a deep environment
(Cappa et al. 2006; Chen et al. 2015; Cornet et al. 2003;
Derode et al. 2013; Huang et al. 2014, 2016, 2018; Rutqvist
et al. 1998; Zhou et al. 2018), where the maximum injection
pressure is higher than 1 MPa. This high water pressure and
hydraulic gradient can produce a transition to nonlinear flow,
due to high flow velocities in fractures (Chen et al. 2015;
Huang et al. 2018; Zhou et al. 2015, 2018; Zimmerman and
Bodvarsson 1996). Darcy’s law-based methods are often
used to estimate hydraulic conductivity, due to their ease of
implementation and computational efficiency (e.g. Hamm
et al. 2007; Huang et al. 2014, 2016, 2018; Lo et al. 2014,
Neuman 2005; Rutqvist et al. 1998; Zhu and Zhang 2018),
ignoring the nature of nonlinear flow in fractured rocks at
high flow rates or hydraulic gradients (Chen et al. 2015;
Zhou et al. 2018). Some methods have been proposed in

recent years for non-Darcian flow conditions, although only
a few of them targeted or are suitable for high-pressure injec-
tion tests (Chen et al. 2015; Yamada et al. 2005; Zhou et al.
2018). There is a need for an appropriate method to calculate
the hydraulic conductivity from high-pressure injection test
data. In this paper, we present an approach to do this, using
published data from several high-pressure injection tests.
The permeability variations in the fractured strata between
the deep coal seams and Ordovician limestone aquifer are
discussed.

Geological and Hydrogeological Setting

The Yanzhou coalfield is located in Jining city, in western
Shandong, China (Fig. 1a). The deep coal seams in the
Yanzhou coalfield, i.e. the no. 16 bottom coal and no. 17
coal seams, have been or will be mined due to the gradual
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Fig. 1 a The study area location, b the geological column of the Yanzhou coalfield, and ¢ the contours of water pressure of the Ordovician lime-

stone aquifer in the Yanzhou coalfield
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depletion of shallow coal resources. The thicknesses of
these two coal seams range from 0.23 to 2.35 m (no. 16)
and from 0.1 to 2.22 m (no. 17). The total coal reserves of
the two seams are estimated at 5.77 million t. As shown in
Fig. 1b, these two seams both lie at the bottom of the Tai-
yuan Formation, and may be hydraulically connected with
the underlying no. 14 limestone and Ordovician limestone
(Liang et al. 2015). The Ordovician limestone, located below
the deep coal seams, is a highly permeable confined aquifer
(Liang et al. 2015) that is 450750 m thick. Water pressure
in the Ordovician limestone aquifer can be high as 3—10 MPa
(Fig. 1c), which poses a great challenge to coal production.
Moreover, the thickness of the aquifuge (i.e. the rock forma-
tions between the coal seams and the Ordovician limestone
aquifer) is thin, ranging from 40 to 80 m. Thus, the Ordovi-
cian limestone aquifer significantly influences mining of the
deep coal seams in this area. We need to better determine the
area’s hydrogeological parameters, particularly the hydraulic
conductivity of the strata, to determine the risk of water
inrush.

Characteristics of Flow Patterns
in the High-pressure Injection Tests

Data from high-pressure injection tests are generally plot-
ted on a graph that shows the pressure and injection rate
as a function of time. The relationship between the injec-
tion pressure (P) and the injection rate (Q) are shown in the
form of P-Q curves, which account for the flow behavior
in fractured strata under increasing injection fluid pressure
(Chen et al. 2015; Huang et al. 2014, 2018; Quinn et al.
2011; Rutqvist et al. 1998; Zhou et al. 2018). The injec-
tion pressure is the column of water in the tested intervals
plus the pressure exerted by the injection device. Figure 2
presents an example of the test results and its P—Q curve for
a high-pressure injection test performed in the mudstone
under the deep coal seams of the Dongtan coal mine (Huang
etal. 2015, 2018, 2019). The P-Q curves obtained from the
high-pressure injection tests are typically nonlinear due to
the deviation from linear flow or the occurrence of frac-
ture dilation and/or hydraulic fracturing in the rocks (Chen
et al. 2015; Huang et al. 2018, 2019; Zhou et al. 2018). The
P—-Q curves for the high-pressure injection tests are gener-
ally divided into two phases using the turning point (Q,,
P_.) (Chen et al. 2015; Huang et al. 2014, 2018; Zhou et al.
2018), as shown in Fig. 3. In phase I, the P—Q curve is an
apparent linearity that extrapolates through the origin when
the injection fluid pressure P is less than the critical fluid
pressure P, indicating that the flow in the rock follows Dar-
cy’s law and is considered Darcian flow (Huang et al. 2018,
2019). In phase II, the increased injection pressure (P> P,)
causes remarkable fracture dilation and hydraulic fracturing,
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Fig.2 The raw data of a typical high-pressure injection test. a Tem-
poral evolution of injection pressure, observation pressure, and injec-
tion rate; b P—Q curve (after Huang et al. 2015, 2018, 2019)
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which results in the flow becoming nonlinear (Chen et al.
2015; Huang et al. 2014, 2018, 2019; Zhou et al. 2018). The
fluid flow in fractured rocks induced by high-pressure injec-
tions is typically partitioned into two phases, i.e. the Darcian
(Phase I) and the non-Darcian flow phase (Phase II). The
P—Q curves for the high-pressure injection tests have been
described by Huang et al. (2018):

p= aqQO<P<LP) (Phase I)
“\ @@ -0, + P, (P> P,) (Phase II) M

where o, a; and S are fitting coefficients, P, is critical injec-
tion pressure that initiates hydraulic fracturing, and Q, is the
corresponding injection rate.

Discussion
Mathematical Model of Hydraulic Conductivity

Hydraulic conductivity (k) is an important parameter for
characterizing hydraulic properties and the connectivity of
fractured rocks that can be estimated from the results of
the in situ hydraulic tests (e.g. Angulo et al. 2011; Chen
et al. 2015; Fernandez and Moon 2010; Huang et al. 2014,
2016, 2018; Zhou et al. 2018). Hydraulic conductivity is
commonly estimated assuming a steady-state laminar flow
in a homogeneous and isotropic media surrounding a test
borehole or well (e.g., Angulo et al. 2011; Hamm et al. 2007;
Huang et al. 2014, 2016, 2018). The Darcy’s law-based
equation is usually applied (Hvorslev 1951):

1+<i>2 2
2r,, @)

where k is the hydraulic conductivity, Q is the flow rate, r,, is
the radius of the borehole, L is the length of the test section,
and H,,is the water head difference. If L/r,, is higher than 10,
Eq. 2 is reduced to (Angulo et al. 2011)

__9 L
k= 2nLH, In <r> 3)

w

= Q In L+
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The findings from the high-pressure fluid injection tests
performed in the fractured rocks under the deep coal seams
of the Yanzhou coalfield show that there are two distinct
flow regimes (Huang et al. 2014, 2016, 2018), and that the
flow rate within the fractures induced by high fluid pressure
is greater than at low pressure (Chen et al. 2015; Meng et al.
2014; Zhou et al. 2018). The classical Darcy’s law-based
equations for estimating hydraulic conductivity (Chen et al.
2015; Zhou et al. 2018), e.g. Egs. 2 and 3, are inadequate
for turbulent flow conditions non-Darcian flow (phase II).

If the fracture density is low or the fracture system is highly
anisotropic, a one- or two-dimensional model would be prefer-
able (Barker 1988). Jiang et al. (2007) predicted that hydraulic
fracturing occurs in homogeneous and isotropic media, form-
ing numerous flow circles and fracturing circles surrounding
the injection borehole. We assume that: (1) the test rocks are
homogeneous and isotropic; (2) at any given point { on the
interval, the volumetric flow rate dq injected into the infinitesi-
mal section d( is linearly proportional to the total volumetric
flow rate Q injected into the test interval L (Chen et al. 2015;
Meng et al. 2014; Rutqvist et al. 1998). Thus, at any flow circle
corresponding to a given point (r, ) surrounding the injec-
tion borehole, the volumetric flow rate Q, injected into the
circle is equal to the total volumetric flow rate Q (Jiang et al.
2007, 2010), as shown in Fig. 4. The Forchheimer equation
(i=av+bv?) (Forchheimer 1901) and the Izbash equation
(v=ki"™) (Izbash and Leleeva 1971) are proposed for non-
Darcian flow in homogeneous and isotropic aquifers (Chen
et al. 2015), as it is recognized that the phase II flow is non-
Darcian, where i is hydraulic gradient, v is volumetric flow
velocity, and a, b, and m are empirical coefficients).

The Izbash equation was used, so the total volumetric flow
rate Q and the volumetric flow rate Q, injected into the circle
at any flow circle corresponding to a given point (r, 8) are
expressed as:

Q = 2rr,vyL= 27rrwki(1)/mL
0, = 2xrv,L = 2xrki/"L @)

0=0,

where v and v, is volumetric flow velocity at the injection
borehole and the point (r, 8), and i, and i, are the hydrau-
lic gradients corresponding to v, and v,. The relationship
between i, and i, is written as:

= ()% 5)

r

At any flow circle corresponding to the given point (7, 6)
surrounding the injection borehole, the water head increment
is expressed as (Jiang et al. 2010)

dp =i.dr (6)
Integration of both sides of Eq. 6 provides:

Po Le
/ dp = / idr 7
0 Ty

Based on Eq. 5, we have:

Po Le rW m
/ dp=/ <—> iydr 8)
0 [ r
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where p,, is understood as the pressure head in the injection
borehole, and L, is the radius of influence by fluid injection.
Substituting Eq. 10 into Eq. 4:

[ (m = Dpy ]”m an

=2xkLr L,"
Q we r Lt —pm

The hydraulic conductivity k in Phase II is calculated by:

1/m

Q L m—1 o
k= 1 <_> —1| L (12)
2 [m — Dpo] "L L\ "

w
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For m=2, i.e. the flow is turbulent (Chen et al. 2015),
Eq. 12 is rewritten as:

I 12
-2 [_6—1] L2 (13)
27[[70 LL1"w

The hydraulic conductivity is calculated using the data
recorded from the injection borehole and observation bore-
hole (Huang et al. 2014, 2016, 2018). Along the spring
line 0=0, we have:

i = (5) in (14)
r
where R is the distance from the injection borehole to the

observation borehole, iy, the hydraulic gradient at the point
(R, 0). Integration of both sides of Eq. 14 gives

Po R
/ dp = / i dr (15)
Pr Ty
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where p, is understood as the pressure head in the observa-
tion borehole. We obtain Eq. 16 to estimate the hydraulic
conductivity in the Non-Darcy flow phase (phase II) as:

kII

1/2
-9 [5 - 1] R? (16)
2x(py — p)V2L| 1,

The Darcy’s law-based equations (i.e. Egs. 2 and 3)
should still be used to calculate the hydraulic conductiv-
ity (kp) due to Darcian flow in the rocks at low injection
pressures (phase I).

A Case Study

We studied previously obtained data from high-pressure
injection tests performed in six fractured strata between the
deep coal seams and the Ordovician limestone aquifer of the
Baodian and Dongtan coal mines (Huang et al. 2015, 2018,
2019), and estimated their hydraulic conductivities. These
tests took place at depths of 625.8-842.3 m (Table 1). The
turning point (Q,, P,) was used to characterize the onset of
the flow transition to nonlinear, and the critical water pres-
sures from these injection tests are summarized in Table 1.

The Darcian equation, i.e. Eq. 3, was used to estimate
the hydraulic conductivity (k;) for P < P, in phase I, and the
non-Darcian equation, i.e. Eq. 16 was used to estimate the
hydraulic conductivity (ky;) for P> P, in phase II. Table 1
lists the estimated values of the hydraulic conductivities (k;
and kyp) in the two phases of high-pressure fluid injection
tests in the six fractured rocks, where ky; is the maximum
estimated value. Figure 5 presents the k; and ky; vs. the
changing injection pressures, i.e. the P—k curves. Figure 5
demonstrates that in phase I, k; was approximated with a
constant and was considered the initial hydraulic conductiv-
ity of the test rocks, which is consistent with the conclusions

reached by Huang et al. (2014, 2016, 2018) and Chen et al.
(2015). The initial hydraulic conductivities of the six frac-
tured rocks range in 3.6 X 1078 t0 6.5% 1077 cm/s (Table 1).
In agreement with Chen et al. (2015), the hydraulic conduc-
tivity mainly depends on natural fractures within the rocks
and the physical properties of the fluid in phase I, which is
constant as long as the injection pressure is low enough to
avoid fracture dilation and hydraulic fracturing.

When the injection pressure reaches the threshold fluid
pressure P,, the hydraulic conductivity becomes pressure
dependent and increases with the injection pressure (Fig. 5),
due to tensile cracking and fracture dilation induced by
hydraulic fracturing (Chen et al. 2015; Guglielmi et al.
2015). The results show the magnitude of the hydraulic
conductivity increases several times in phase II, ranging
between 1846-fold to 105,491-fold increase (Table 1). The
estimated hydraulic conductivity k;; using the non-Darcian
flow equation is typically 480-4250 times larger than the
estimated hydraulic conductivity kj; using the Darcian flow
equation. These permeability increases are probably due to
hydraulic fractures, based on hydraulic fracturing experi-
ments on rock cores (He et al. 2017), as shown in Fig. 6. The
hydraulic conductivity of the fractures induced by hydraulic
fracturing is greater than that of the rock matrix.

The above estimates of hydraulic conductivity in this
study have uncertainties (Chen et al. 2015), but our calcu-
lated method and results could be widely used to charac-
terize the hydraulic properties of fractured rocks in many
applications, from coal and oil production to high-head
pumped-storage power stations (Huang et al. 2016; Zhou
et al. 2018).

Table 1 Hydraulic conductivity estimates from the high-pressure injections test data performed in six fractured rock strata in the Yanzhou coal-

field (after Huang et al. 2018)

Coal mine Media Depth (m) ky (cm/s) kyp (cm/s) kylky
ky; (using Eq. 3) ky (using Eq. 16) kylhy

Baodian Mudstone/siltstone 625.8-636.3 2.9%1077 23%x107° 1.3x1073 565 4524
Baodian Limestone 636.3-645.5  65x107  3.8x107° 22x107° 579 1846
Baodian Mudstone/fine sandstone 645.5-651.2 1.2x1077 2.5%107° 24x1073 960 3422
Dongtan Fine sandstone 756.2-768.3 3.6x1078 6.4x1078 7.7%x107 1203 1921
Dongtan Mudstone 814.8-824.8 1.1x1077 2.5%107° 12x1073 480 19,627
Dongtan Limestone/mudstone 832.9-842.3 1.4x1077 4.0x107° 1.7x1072 4250 105,491

ky the average estimated initial hydraulic conductivity of the fractured strata using the Darcy’s law-based equation (Eq. 3), k;; the estimated
maximum hydraulic conductivity of the fractured strata using the Darcy’s law-based equation (Eq. 3), kh the estimated maximum test hydraulic
conductivity of the fractured strata using the non-Darcian flow-based equation (Eq. 16)

@ Springer
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Conclusions

The Ordovician limestone aquifer’s high water pressure
poses a great challenge to the production of deep coal seams
in the Yanzhou coalfield. High-pressure injection tests are an
effective way to investigate the hydraulic properties of frac-
tured water-resisting rock strata under high water pressure
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conditions, but calculating the hydraulic conductivity from
a high-pressure injection test is challenging. In this paper,
the flow condition in the fractured strata induced by high
water pressure was divided into Darcian and non-Darcian
flow phases, based on the characteristics of the obtained
P—Q curves. A non-Darcian flow equation was developed
to estimate the hydraulic conductivity of the fractured strata.
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Fig.6 Symmetrical hydraulic fractures around the injection hole
observed by high definition microscope (after He et al. 2017)

The initial hydraulic conductivities of the six fractured rock
strata located at depths of 625.76-842.80 m ranged from
3.6x1078 to 6.5x 1077 cm/s. The hydraulic conductivity is
weakly dependent on the injection pressure during the Dar-
cian flow phase, but becomes strongly pressure dependent
in the non-Darcian flow phase, when hydraulic fracturing
induced by the high water pressures causes the hydraulic
conductivity to increase by several orders of magnitude.
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