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Abstract: The assessment of the groundwater flow rate around the cavern periphery is a critical
requirement for the design of underground water-sealed oil storage caverns and commonly made
through seepage analysis, where a reasonable estimation of the hydraulic conductivity of the host
rock is the key issue. However, it is a challenge to accurately determine the hydraulic conductivity of
natural rock masses owing to their heterogeneous and anisotropic nature. The underground storage
cavern project has a unique favorable condition in that there is a water curtain system that can provide
considerable hydraulic test data for inferring hydraulic parameters; however, no well-established
method has ever been proposed to exploit these data for characterizing heterogeneity in hydraulic
conductivity. This study presents a new approach to evaluate the spatial variation of hydraulic
conductivity using water curtain borehole data. This approach treats the peripheral region of each
borehole as a homogenous unit with a particular equivalent permeability coefficient that can be
back-calculated from the measured injection flow rate of the borehole using a numerically established
empirical formula. Besides, the impact of curtain gallery drainage, occurring in the construction
stage, on the seepage field was investigated while the effect of the rock fracture configuration on
hydraulic conductivity assessment was examined. The proposed method enables robust and accurate
mapping of heterogeneity in the hydraulic conductivity of host rocks and provides a new idea of
effectively utilizing hydro-geological test data to derive the hydraulic conductivity of rock masses
surrounding water-sealed storage caverns.

Keywords: hydraulic conductivity; underground storage cavern; water curtain borehole; water
injection test

1. Introduction

Compared with an above-ground container tank, the underground water-sealed
oil/gas storage cavern has many advantages in cost, land consumption, environmental
protection, and operation safety and, therefore, has become an important means for oil/gas
storage. These underground caverns are usually constructed in a selected site with good
geological conditions, where the natural groundwater level is shallow and stable while the
surrounding rocks are as hard and intact as possible. There are two fundamental and critical
issues related to the construction and operation of a storage cavern project: namely, rock
stability and groundwater flow characterization. The former, normally, does not constitute
a real challenge for practitioners to deal with as most storage caverns are built within rocks
of comparatively good quality, whereas the latter is more intractable and complicated,
which is reflected in how to objectively assess the efficiency of the water-sealing system
and to effectively control water inflow into the caverns.

Energies 2021, 14, 4588. https://doi.org/10.3390/en14154588 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5268-4702
https://doi.org/10.3390/en14154588
https://doi.org/10.3390/en14154588
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14154588
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14154588?type=check_update&version=1


Energies 2021, 14, 4588 2 of 21

Water sealing, or hydraulic containment, is an indispensable condition to ensure the
safe operation of an underground storage cavern project. The water-sealing measures in-
clude utilizing natural groundwater and constructing an artificial water curtain system [1].
Åberg [2] postulated that if the vertical hydraulic gradient around the storage caverns
is greater than 1.0, the stored products will not leak through the surrounding rock mass.
Goodall et al. [3] proposed that no leakage would occur as long as the water pressure gradi-
ents along all possible escape paths are positive. By reexamining the commonly employed
water-sealing criterion, Zhang et al. [4] argued that the oil/gas leakage can be prevented
provided that the hydraulic head gradient in the surrounding rocks is greater than 0,
instead of greater than 1. It follows from this criterion that the critical hydraulic pressure
gradient over the caverns (in the vertically downward direction) and under the caverns
(in the vertically upward direction) should be greater than −1 and 1, respectively. Apart
from the water-sealing criterion, extensive studies have been conducted on various aspects
of underground oil/gas storage caverns. Li et al. [5] performed physical model tests to
evaluate the performance of an artificial water curtain system. Kurose et al. [6] reported the
site-scale hydraulic and air tightness tests in an underground liquid petroleum gas (LPG)
storage cavern. Many investigations were dedicated to the three-dimensional (3-D) seep-
age flow in rock masses surrounding storage caverns using numerical methods [7–15]. In
addition, the site investigation, design, and construction practice for multiple underground
storage cavern projects around the world have been reported [16–22].

The water flow rate into caverns is directly related to the cost of water pumping during
the operation period and is restricted by the wastewater treatment capacity. An earlier
Chinese standard for the design of underground oil storage in rock caverns (GB 50455-2008)
suggested that the water inflow rate per one million cubic meters of cavern should not
exceed 100 m3/d [23]. However, this restriction on the water inflow is hard to follow in
engineering practice and has been relaxed in the latest version of the design standard (GB/T
50455-2020), which recommends an upper limit value for the inflow rate of 200 m3/d [24].
In fact, a problem commonly encountered is that while effective water sealing can be
reasonably assured using the current design principle and methodology, the water inflow
rate of caverns tends to exceed the stipulated limit. To control an excessive inflow rate,
the following three aspects should be of concern: (1) a geologically stable construction site
with hard rock mass of high integrity should be selected; (2) the water inflow rate into
the storage caverns needs to be accurately predicted; and (3) proper grouting is required
for some local areas with extremely high permeability so as to inhibit the inflow rate.
Among them, accurate prediction of the inflow rate relies upon the reliability of the seepage
analysis results. It is worth mentioning that the flow rate and water pressure are two main
concerns for a seepage analysis of a practical project and that, in many cases, the calculation
results of water pressure are more reliable than those for the flow rate. Nevertheless,
unlike the water conservancy and hydropower projects, where more attention is paid to the
distribution of groundwater pressure, underground storage cavern projects, as mentioned
above, have a higher demand for accurate determination and control of the flow rate.

Reasonable assessment of the hydraulic conductivity of the surrounding rock masses
is of utmost importance to the accuracy of flow analysis results. However, it is challeng-
ing to determine the hydraulic conductivity of fractured rock masses [25,26] due to their
heterogeneous and anisotropic natures stemming from the presence of various types of
uncertain randomly distributed discontinuities, such as joints, faults, and interlayer weak
planes, among others. As such, the hydraulic conductivity in different parts of rock masses
may vary significantly; the water permeability in highly fractured zones can be tens of
thousands of times larger than that in relatively intact zones, and concentrated leakage
channels may even exist. For most rock engineering projects, the hydraulic parameters of
rock masses are investigated by carrying out hydraulic or hydro-geological tests, such as
the injection/falloff test, pumping test, drawdown-buildup test, and cross-hole (hydraulic
connection) test. However, the fairly high expenses related to in situ tests usually lead to a
limited number of tests being implemented on several selected locations in rock masses.
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By exploiting these hydro-geological test data, many methods have been proposed to
characterize the heterogeneity in the hydraulic conductivity of fractured rock masses, such
as kriging of small-scale hydraulic test data [27,28], stochastic simulation [27,29,30], geosta-
tistical inverse modeling of a single cross-hole pumping or injection test [31], and hydraulic
tomography [32]. It is worth mentioning that the hydraulic tomography is considered one
of the most promising methods for depicting the spatial variability of rock hydraulic con-
ductivity due to the fact that it relies upon the sequential or simultaneous inverse modeling
of multiple cross-hole pumping or injection tests conducted at different locations [32]. It
is of note that the hydraulic conductivity is commonly observed to depend on the mea-
surement scale [33,34]. The usual pattern is that the measured hydraulic conductivity
increases with the scale of testing. For example, the estimate of hydraulic conductivity
(k) can be larger for pumping tests compared to small-scale tests, such as Lugeon and
slug tests, in fractured rocks. Many studies linked this scale dependency to heterogeneity,
albeit in different manners [35–37]. Based on the detailed information of rock heterogeneity
provided by hydraulic (and pneumatic) tomography, Illman [32] suggested that the scale
effect may be an artifact of treating the fractured rock as a homogeneous medium.

Hydro-geological and hydraulic borehole tests are widely adopted means to deter-
mine the hydraulic conductivity of fractured rock masses and have been investigated from
various aspects, including test principles and methods, test equipment development, test
procedure improvement, experimental data processing and interpretation, error analysis,
affecting factors, numerical modeling and validation, and so forth [29,30,38–44]. In the
Chinese industrial standard ‘specification of hydro-geological tests for underground oil
storage in rock caverns’ (SH/T 3195-2017), the following hydro-geological tests are recom-
mended: the Lugeon test, injection test, slug test, pumping test, water curtain efficiency
test (interconnectivity test between two boreholes), and full-size efficiency test of the water
curtain system [45]. Overall, the complexity of rock masses and the limitations associated
with current surveying technologies and analysis methods, coupled with the high cost
of hydraulic tests, make it very difficult to ensure the accuracy of the obtained hydraulic
conductivity of rock masses.

In terms of an underground water-sealed storage cavern project, the water curtain
system was usually constructed and completely covers the caverns, and hydro-geological
tests conducted in water curtain boreholes during the construction period can provide
considerable data sources for inferring the hydraulic conductivity of rocks peripheral to
each tested borehole. Despite the existence of such advantageous conditions provided
by water curtain boreholes, how to effectively utilize hydraulic test data of water curtain
boreholes to characterize the heterogeneity in the hydraulic conductivity of the surrounding
rock mass has not yet been well established. Using the Huangdao underground water-
sealed storage cavern project as a case study, this paper proposes a new approach to
characterize the spatial variation of hydraulic conductivity using water-curtain borehole
test data. The method presented in this study can serve as an effective idea of utilizing
hydro-geological test data to robustly and accurately map the heterogeneity in the hydraulic
conductivity of host rocks surrounding water-sealed storage caverns.

2. Hydro-Geological Tests of the Water Curtain System in the Huangdao Project

The Huangdao project is the first large-scale underground water-sealed oil storage
project in China and is located in Qingdao city in eastern Shandong Province. It was
constructed for the purpose of national strategic energy reserve storage and has a designed
storage capacity of 3 × 106 m3 by using nine parallel storage caverns. Each cavern has a
span of 20 m and a height of 30 m with a net spacing between caverns of approximately
30–40 m. The caverns were constructed at an elevation of between −20 m and −50 m, and
the water curtain system, which is composed of water curtain galleries and boreholes, is
located 25 m above the cavern roof. The boreholes are 10 m in spacing and 120 mm in
diameter, and most of them are approximately 100 m in length. The pressure of the water
curtain system is 300 kPa (30 m water pressure head). The axis of the water curtain gallery
is perpendicular to that of the storage cavern while the boreholes are parallel to the axis
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of the cavern. The water curtain system covers the entire cavern zone. In order to detect
the efficiency of the water curtain system and to assess the hydraulic conductivity of the
surrounding rock masses, four kinds of hydro-geological tests were implemented for the
Huangdao project, involving the single-borehole injection-falloff test, interconnectivity
test between two boreholes [4,46], steady injection test for all boreholes [46], and full-size
efficiency test of the water curtain system. These tests were carried out by mainly drawing
on the engineering experiences of GEOSTOCK Company in the storage cavern design.

Among the above-mentioned four kinds of hydraulic testes, the steady water injection
testing of all water curtain boreholes can be used for long-term observation of the water
pressure and flow rate. This test commences immediately after the completion of the
single-borehole injection-falloff test and is maintained throughout the whole construction
period. The water injection pressure applied in this test is usually set slightly in excess of
the hydrostatic pressure corresponding to the borehole elevation, and the water pressure
together with the flow rate of each borehole is recorded daily. Compared with the single-
borehole injection-falloff test, the steady injection test is more convenient to operate and
can provide a large amount of observation data. Moreover, the long observation time of
this test can avoid the problem of insufficient time to monitor the transition from unsteady-
state flow to steady flow encountered in the single-borehole injection-falloff test. In what
follows, a series of numerical analysis are conducted to develop a method of utilizing steady
injection test data to estimate the equivalent hydraulic conductivity of rocks surrounding
water curtain boreholes.

3. Method for Analyzing Equivalent Hydraulic Conductivity
3.1. Influence of Water Curtain Gallery Drainage on the Seepage Field

Unlike the formal operation stage when the water curtain gallery is filled with water, in
the construction phase, the surfaces of water curtain galleries can be considered as drainage
boundaries for seepage analysis. Four kinds of hydro-geological tests mentioned in the
foregoing, except for the overall efficiency test of the water curtain, are performed and
completed in the situation that the water curtain gallery is an effective drainage boundary.
The common phenomenon observed during these tests is that the hydrostatic pressure
in water curtain boreholes, which is less than the hydrostatic pressure corresponding to
the original natural groundwater level at the elevation of the water curtain system, may
be very low or even approximate zero. Such a phenomenon is apparently caused by the
drainage from the water curtain gallery. For example, if a fracture lies between a water
curtain borehole and the side wall of the gallery, the hydraulic connectivity between this
borehole and gallery will greatly increase, resulting in the hydrostatic pressure in the tested
borehole dissipating to almost zero. However, in the overall efficiency test of the water
curtain system, the galleries and boreholes are all filled with water, and the water injection
pressure in the boreholes is easily maintained at the prescribed value (e.g., the design value
of 300 kPa for Huangdao project). In this situation, the change in the seepage field induced
by transient gallery drainage will be eliminated after a certain period of time, and the
seepage field could gradually recover to approximately that of the nature condition. In
short, the boundary conditions for different hydraulic tests need to be carefully considered
in seepage analysis. Thus, it is necessary to examine the influence of gallery drainage on
the seepage field prior to presenting a method that utilizes hydro-geological test data of
water curtain boreholes.

In the field of groundwater dynamics, many analytical formulae for interpreting
wellbore hydraulic tests were established based on idealized boundary conditions. For
example, the basic assumption made in the formulae for calculating hydraulic conductivity,
derived from the water injection test, is that the water flows purely along the radial direction
within an unbounded domain (i.e., the axial flow is neglected), which is similar to the
situation of water flow in a confined aquifer [47]. This assumption is, however, too idealized
to be applicable for practical analysis. Rehbinder [48] indicated that the mathematical
difficulties associated with interpreting hydraulic test results stem from the facts that the
solution is of three dimensions and that these tests have mixed rather than ideal boundary
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conditions. When the water curtain gallery is an available drainage outlet, the groundwater
in the vicinity of water curtain boreholes would preferentially discharge to the galleries,
which may affect the water flow direction within the borehole, making it not perpendicular
to the borehole axis. Therefore, a question is beginning to emerge: is it reasonable to use
the existing formulae developed for the wellbore test, which often provides an analytic
solution and has strict requirements for boundary conditions, to analyze the equivalent
hydraulic conductivity of rocks surrounding water curtain boreholes? To address this
question, 2-D and 3-D numerical simulations were carried out to investigate the impact of
gallery drainage on the seepage field around the borehole periphery.

As shown in Figure 1, a representative cross-section, in parallel to a cavern
(i.e., perpendicular to the water curtain gallery) in the middle of the cavern zone, was se-
lected to conduct 2-D finite element modeling. The model was constructed in line with the
design scheme of the Huangdao project, where the elevation of the water curtain boreholes
is 5 m. Based on the symmetric principle, two lateral boundaries of the model are imperme-
able. The very bottom of the model is set as the boundary with a constant hydraulic head
of 35 m, which is equivalent to the long-term stable groundwater level. The conductivity
of the host rock (granite) was assigned a representative value of 5 × 10−9 m/s, and the
pressure in boreholes was set to be 300 kPa. It is of note that the fluctuation of the water
level induced by natural rainfall would not have an obvious effect on the water pressure in
the rock mass located above the caverns due to the isolation function of the water curtain
system. Therefore, the recharge from rainfall was not considered here. The numerical
analysis was performed using the equivalent porous medium method and the results are
presented in Figure 1. Before the excavation of the water curtain gallery, the water pressure
in natural rock masses is equal to the hydrostatic pressure, and the water head distribution
is consistent throughout the model. When the excavation of the water curtain gallery is
completed, a drainage boundary with a constant pressure of zero is formed and the water
flows into the gallery, leading to a notable change of the water pressure distribution, as
shown in Figure 1.
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As the water curtain boreholes are parallel to the caverns and perpendicular to the
water curtain galleries, the influence of gallery drainage on the seepage field in the vicinity
of boreholes can be presented if the studied 2-D model section is perpendicular to the
galleries, as shown in Figure 1. However, such a kind of 2-D section cannot reflect the
influence of the caverns. If, on the other hand, the modeled 2-D section is set as per-
pendicular to the boreholes and caverns to incorporate the influences from the caverns,
the effect of gallery drainage cannot be taken into account because the model section is
parallel to the galleries. To avoid this issue induced by 2-D modeling, a 3-D FEM-based
equivalent porous medium flow model [14] was established, which includes three storage
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caverns (labeled as the number 4, 5, and 6 cavern in the Huangdao project, respectively),
as shown in Figure 2. The elevation of the caverns is between −20 m and −50 m while
that for the water curtain boreholes is 5 m. The top of the model was set at the ground
elevation while the elevation of the model bottom was −200 m, and the model has a width
of 200 m considering that the length of the water curtain borehole on each side of the water
curtain gallery is about 100 m. During the construction period, the water pressure on the
boundaries of the galleries and caverns all equal zero, and the water injection pressure in
the boreholes is 300 kPa. The boundary condition for the very bottom of the 3-D model as
well as the hydraulic conductivity of rock masses are the same as those used in the 2-D
model. Likewise, the rainfall effect is not considered, and the four lateral sides of the model
are all set as impermeable based on the symmetric principle.
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Figure 2. The 3-D model of the water curtain gallery, water curtain boreholes, and storage caverns.

It should be noted that if the numerical model involves the cavern located at either end
of a cavern group, there is, in fact, water flow transfer between this cavern and the bound-
aries of the model. In this case, the lateral boundaries of the model cannot be considered
as impermeable. Besides, although the surrounding rock mass, a crystalline granite, has
relatively high intactness, discontinuities, such as faults, joints, and densely fractured zones,
still exist; therefore, the seepage field is significantly affected by discontinuity conditions.

Figure 3 shows the distribution of the water pressure in two parallel cross-sections se-
lected along the axial direction of the water curtain borehole, referred to as Sections 1 and 2.
Section 1 passes right through the axis of a borehole while Section 2 lies in the middle of
two neighboring boreholes. It is clear that the distribution of water pressure is affected by
the gallery drainage, and this influence is more profound in the region that is closer to the
gallery. Figure 4 illustrates the velocity vectors of water flow in the vicinity of a borehole.
It can be seen that most of the flow velocity vectors are orthogonal to the axial direction of
the borehole, but the velocity vectors near the intersection between the borehole and the
gallery deviate from being perpendicular to the borehole axis and incline towards the side
wall of the gallery. Furthermore, the magnitude of flow velocity increases as the rock gets
closer to the gallery. Overall, the increase of the flow velocity is in evidence within 20 m of
the water curtain gallery, with the flow direction inclining increasingly towards the gallery.
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The variation of the water pressure in the rock mass with the distance to the gallery
is indicated in Figure 5, where curve 1 represents the sites right on the borehole axis
(i.e., on Section 1) while curve 2 represent the sites that have the same elevation as the
borehole axis on Section 2. It is seen from curve 1 of Figure 5 that the water pressure within
the water curtain borehole has a constant value of 300 kPa and is not affected by gallery
drainage, whereas the water pressure of the rock masses in the middle of two neighboring
boreholes is obviously influenced by gallery drainage, as shown by curve 2. The water
pressure is about 0.27 MPa at a position that is 20 m away from the gallery, and gradually
decreases as it approaches the gallery. Figure 5 shows that the difference between two
selected water pressure profiles (represented by curves 1 and 2) gradually decreases as the
distance from the gallery increases. Based on the numerical results above, it can be inferred
that the effect of water curtain gallery drainage on the hydraulic test cannot be neglected,
given the fact that most hydro-geological tests are implemented in the construction stage
when the water curtain gallery is an effective drainage boundary.
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Figure 5. Variation of the water pressure with the distance to the water curtain gallery (curve
1 represents the sites in Section 1 that are right on the borehole axis; curve 2 represents the sites in
Section 2 that have the same elevation as the borehole axis).

3.2. Method of Estimating Hydraulic Conductivity from Steady Water Injection Test Data

The hydraulic conductivity of the surrounding rocks can be estimated by analyzing
plenty of the flow rate and pressure data obtained from steady water-injection tests con-
ducted in all water curtain boreholes. Water injection tests, such as the Lugeon test, are
commonly performed using pneumatic packers to isolate a section of the borehole for water
injection and hence are also termed packer tests [49]. In most cases, the test is conducted in
a portion of a borehole isolated by two packers (straddle packers). The Chinese industry
standard entitled ‘Code of water pressure test in borehole for hydropower and water
resources engineering’ (DL/T 5331-2005) suggests that the isolated portion of the borehole
in the water injection test should be around 5 m in length [50].

Unlike packer tests, the steady water injection test is carried out in an entire borehole.
For example, the steady water injection tests for the Huangdao project were conducted in
approximately 100-m-long water curtain boreholes, and in this case, the obtained hydraulic
conductivity value represents the average or equivalent hydraulic conductivity of the
100-m-long section of rock mass. Despite being somewhat long compared with the isolated
portion of a borehole in conventional packer tests, a 100-m-long water curtain borehole
and its adjacent rocks only represents a very small area of the host rocks of the storage
cavern zone. In this sense, it is reasonable to assume that the peripheral rock of each water
curtain borehole is a homogeneous body with a unique hydraulic conductivity. In this
way, the issue on the spatial variation in hydraulic conductivity of the whole host rock is
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simplified into the determination of the equivalent hydraulic conductivity for each of these
homogeneous rock units.

In the following, a method of back-calculating the equivalent rock permeability pe-
ripheral to each water curtain borehole from the water injection rate is presented. This
method is developed by establishing the relationship between the hydraulic conductivity of
rock mass and the flow rate in the tested borehole through equivalent porous flow analysis.
First, a finite element (FE) model of the 2-D cross-section perpendicular to the water curtain
boreholes was constructed. The configuration and geometry parameters of the boreholes
and the cavern employed in the model are in compliance with the practical design scheme.
Due to the symmetry principle, two sides of the model were set as impermeable. The
very bottom of the model was set as the boundary with a constant hydraulic head of
35 m. During the construction period, the water pressure on the boundaries of the storage
caverns is zero, and the water injection pressure in the water curtain boreholes is 300 kPa.
The hydraulic conductivity of rock mass is specified as 2 × 10−9 m/s. The results of the
numerical analysis are presented in Figure 6. It is seen that under the ideal conditions
(i.e., the rock mass is assumed as isotropic, and the lateral boundaries of the model are set
as impermeable for the case of the model not being located on the boundary region of the
cavern group), the streamlines are nearly vertically distributed and all the water flows into
the caverns, with the water beneath the cavern flowing towards the cavern base. Given
that the 2-D model cannot consider the effect of gallery drainage on the seepage field in
the construction stage, a 3-D FE model shown in Figure 2 was established for numerical
analysis. The employed boundary conditions are the same with those of the 3-D model
constructed in Section 3.1, and the hydraulic conductivity of the rock mass was specified to
be 2 × 10−9 m/s. The water pressure distributions after cavern excavation are illustrated
in Figures 7 and 8, which show an evident decrease in water pressure in the nearby zone of
the water curtain gallery.
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is completed.

The 3-D simulation results indicate that at a specified hydraulic conductivity value of
2 × 10−9 m/s, the average water injection rate in a single borehole was 4.60 × 10−6 m3/s
after the cavern excavation was completed. Based on large-scale performance tests in
the LPG storage cavern, Lindblom [51] indicated that the water curtain pressure exerts
only a marginal effect on the water inflow into the caverns and that there is a linear
relationship between the water curtain pressure and the discharge from the water curtain
system. Assuming that the fluid flow in the tested water curtain borehole follows Darcy
law, a linear relationship exists between the water injection pressure and the borehole
discharge for each borehole in the water certain system. It follows that an empirical
formula like Equation (1) can be established to relate the borehole discharge with the
hydraulic conductivity of rock mass peripheral to the borehole:

k =
Q
La

(1)

where Q is the water injection rate (borehole discharge) (m3/s); k is the isotropic equivalent
rock hydraulic conductivity around the borehole periphery (m/s); L is the borehole length
(expressed in meters, m); and a represents the coefficient of proportionality and its value is
affected by many factors, including the influence of gallery drainage during the construc-
tion period, borehole spacing, elevation difference between the cavern and water curtain
system, natural groundwater level, and water injection pressure of the borehole.

Unlike the conventional formula developed based on Darcian flow, the term hydraulic
gradient (or head difference between the water injection pressure of the borehole and
natural ground water level) is not explicitly present in Equation (1) but is implicitly in
coefficient a. The main reason for this is based on two considerations. The first one is
that, once the design scheme for a practical storage cavern project is finalized, the water
injection pressure of a water curtain borehole (or hydraulic gradient) is fixed; therefore, we
opted not to present the hydraulic gradient in Equation (1) in the form of an independent
variable. Second, and more importantly, the coefficient a was found to be almost but not
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perfectly linear proportional with the hydraulic gradient. Hence, coefficient a was not
directly expressed as the product of the hydraulic gradient and another coefficient.

Two basic premises underlying Equation (1) are that the water flow in the rock mass
can be simplified into a stable Darcian flow and that the water injection pressures in
neighboring boreholes are similar. When the water injection pressure of different boreholes
is obviously inconsistent or differs significantly from the specified injection pressure of
0.3 MPa, the proportional coefficient a needs to be re-fitted. The empirical Equation (1)
has a very simple format and its significance lies in two aspects: (a) if the peripheral
zone of influence for each borehole is defined as an area with a width of 10 m (i.e., half
of the borehole spacing), a length of approximately 100 m (i.e., borehole length), and a
height equivalent to the elevation difference between the cavern roof and the borehole,
such a zone is indeed small in comparison with the whole caverns zone and hence can be
regarded as an equivalent-continuum body. Then, the hydraulic conductivity of each of
these equivalent-continuum bodies (i.e., the peripheral rock of each water curtain borehole)
can be back-calculated from the measured borehole discharge Q using Equation (1) and
a known a value, and on this basis, it is possible to obtain a zoning map of the hydraulic
conductivity of the whole host rocks according to plenty of back-calculated k values.
(b) The numerical derivation of Equation (1) takes full account of the influence of gallery
drainage during the construction period and other factors in 3-D scale. Obviously, if a
simplified or idealized hydrodynamic analytic method that ignores the influence from
water curtain gallery drainage is employed to carry out seepage analysis, it will lead to
unreasonable results.

Equation (1) shows that the borehole discharge is proportional to the rock hydraulic
conductivity around the borehole periphery, even though the borehole discharge is affected
by many factors. It is interesting to compare Equation (1) with the following Equation (2)
reported by Lindblom [51]. In Equation (2), the discharge from the water curtain system,
qwc, is proportional to the difference between the applied hydraulic potential in the water
curtain system, hwc, and the hydraulic head of the natural groundwater, hw:

qwc = Fck(hwc − hw) (2)

where Fc is a constant representing geometrical factor. It is of note that the coefficient
of proportionality a in Equation (1) and constant geometrical factor Fc in Equation (2)
are essentially similar and both of them reflect the complexity and uncertainty of the
relationship between the borehole discharge and rock hydraulic conductivity.

Based on the obtained water injection rates from numerical simulation, the propor-
tional coefficient, a, is calculated and equals 20.2 after completing the excavation of the
upper bench of the cavern while it is equal to 21.5 in the situation that the entire cavern
excavation is finished. Using these a values, the equivalent rock hydraulic conductivity
around the periphery of each borehole could be determined based on the injection rate of
each of the water curtain boreholes measured in the steady water-injection test. In addition,
it is worth mentioning that as per the Chinese standard “code for design of underground oil
storage in rock caverns (GB 50455-2008)” [23], the water inflow rate per one million cubic
meters of cavern should not exceed 100 m3/d. Based on numerical study and Equation (1),
this requirement can be met as long as the average hydraulic conductivity of the host rock
masses is less than 6.6 × 10−9 m/s.

3.3. Influence of the Rock Fracture Configuration on the Equivalent Hydraulic Conductivity

During the process of the steady water-injection test, it may be observed that the water
injection rates in some water curtain boreholes are abnormally large while a sudden drop
in the water pressures can be detected for some boreholes. These phenomena imply a very
high hydraulic connectivity in the nearby area of these boreholes and are primarily caused
by the presence of rock fractures. In this section, a 2-D fractured porous flow model [52]
was used to study the causes for these phenomena. Five representative simplified con-
ceptual models were established and are shown in Figure 9, each with different fracture
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configurations. Each model has an area of 30 m × 50 m and includes three water curtain
boreholes in its middle. As illustrated in Figure 9, the simulated rock fracture conditions are
distinct between five models in terms of the interconnectivity of fractures or the intersection
of fractures with boreholes. The upper and lower sides of the model are far away from
the boreholes and hence can be regarded as boundaries with a constant water head. As
per the symmetry principle, the left and right sides of the model are set as impermeable.
The water-injection pressure head in the boreholes was 60 m and the pressure heads of the
upper and lower boundaries were 30 m.
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Figure 9. Representative and simplified conceptual models of rock fractures (left) and numerically
derived water head distribution for different models (right): (a) Model 1: one horizontal fracture
passing through three boreholes; (b) Model 2: one fracture passing through one borehole and
connecting with permeable boundaries; (c) Model 3: one horizontal fracture passing through three
boreholes and intersecting with another oblique fracture; (d) Model 4: one horizontal fracture passing
through two boreholes and intersecting with another oblique fracture; (e) Model 5: stochastic fracture
network including one horizontal fracture passing through all three boreholes.
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Based on the experiences gained from field investigation, the fracture aperture was
specified as 0.05 mm, and the hydraulic conductivity of the fractures was obtained ac-
cording to the ‘cubic law’. The hydraulic conductivity of the rock blocks (i.e., rock matrix)
was specified as 1 × 10−10 m/s. The calculated result for the injection rate in each of the
boreholes is provided in Table 1. Considering that the model boundary condition and the
fracture configuration have a more significant influence on the water flow in the vicinity of
boreholes 1 and 3 than on that in the vicinity of borehole 2, only the equivalent hydraulic
conductivity of rock nearby the middle borehole 2 is calculated and listed in Table 1.

Table 1. Numerical results for rock mass with different fracture configurations.

Model
Designation

Water Injection Rate (m3/s) Hydraulic Conductivity
Nearby Borehole 2 (m/s)Borehole 1 Borehole 2 Borehole 3

No. 1 2.27 × 10−9 2.14 × 10−9 2.27 × 10−9 1.34 × 10−10

No. 2 2.87 × 10−10 2.09 × 10−7 2.81 × 10−10 1.31 × 10−8

No. 3 2.26 × 10−9 2.09 × 10−7 2.26 × 10−9 1.31 × 10−8

No. 4 2.79 × 10−10 2.09 × 10−7 2.14 × 10−9 1.31 × 10−8

No. 5 2.94 × 10−8 2.75 × 10−7 2.93 × 10−7 1.72 × 10−8

In model 1, there is a horizontal fracture passing through all of three boreholes.
However, this fracture is not connected with the upper and lower model boundaries; thus,
the water injected into the boreholes is not able to flow through this fracture to the upper
and lower permeable boundaries. In this case, the facture cannot serve as an effective
path for preferential flow and the water injection rate in the boreholes was very small.
As a result, the calculated hydraulic conductivity of rock near borehole 2 is close to the
prescribed hydraulic conductivity of the rock matrix. In model 2, due to the fact that the
fracture connects with the upper and lower permeable boundaries, the water injection
rate in borehole 2 as well as the hydraulic conductivity increase significantly. The water
injection rate of borehole 2 in model 3 is identical to that in model 2, whereas there is a
noticeable increase in the water injection rate of boreholes 1 and 3 in model 3. This arises
because there is a horizontal fracture that links borehole 1 with borehole 3 and hence the
water injected into boreholes 1 and 3 can flow through this fracture and then via another
oblique fracture (see Figure 9c) to the upper and lower permeable boundaries of the model.
In terms of model 4, the flow rate of borehole 2 is the same as those in models 2 and 3, but
borehole 3 has a larger injection rate than borehole 1 as the water flow in this borehole
can reach the upper and lower permeable boundaries via borehole 2. As for model 5, due
to the existence of many stochastic fractures, the flow rate in each of the three boreholes
increases significantly together with an increase in the hydraulic conductivity of the rocks
surrounding the three boreholes.

These results indicate that the interconnection status between the fractures, boreholes,
and permeable boundaries is the fundamental reason accounting for the drastic variation
in the water injection rates of boreholes. As indicated in Table 1, when rock fractures are
isolated from permeable boundaries, the back-calculated equivalent hydraulic conductivity
of rock mass nearby the borehole is close to the hydraulic conductivity of rock blocks
(i.e., approximate 1 × 10−10 m/s). On the contrary, when rock fractures effectively connect
with permeable boundaries and boreholes, the water injection rate will increase by two
orders of magnitude. If a borehole was linked to another one or permeable boundaries via
rock fractures, the water injection rate of the borehole, along with the hydraulic conductivity
in the borehole vicinity, can considerably increase.

4. Application of the Proposed Method to Assess Hydraulic Conductivity
4.1. Statistical Analysis of Water Injection Test Data

For the Huangdao project, the steady water injection tests were performed on a total
of 529 water curtain boreholes from July 2012 to December 2012, and these data were
statistically analyzed, as shown in Figure 10 (noting that only part of the test data are
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presented due to space limitation). Figure 10 indicates that the water injection pressure in a
vast majority of the boreholes was maintained between 0.3 and 0.4 MPa. However, a small
number of boreholes have higher water injection rates and lower water pressure, indicating
that the hydraulic conductivity in the nearby area of these boreholes is very high.
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Figure 10. Statistical data of the water injection pressure and flow rate for 154 water curtain boreholes in Zone A.

The maximum flow rate measured in a single borehole was 9 m3/d while the minimum
flow rate was less than 0.0001 m3/d. The total injection rate for all of 529 water curtain
boreholes was 431.12 m3/d. The layout of the storage caverns is shown in Figure 11, where the
whole area is divided into three zones along the direction of the cavern axis (i.e., Zone A to
Zone C) and into eight partitions along the direction perpendicular to the cavern axis (i.e., P-1
to P-8). Statistical analysis indicates that the water injection rate of the borehole can be roughly
divided into three levels: high, medium, and low. The water injection rates in subzones C7
and C8 (note that C7 denotes the overlapping region between Zone C and P-7 and C8 refers
to the overlapping region between Zone C and P-8, and so forth) are at a high level while
the subzones A3, A4, A6, B2 to B5, B7, C5, C6, and some boreholes in subzone A5 are all at a
medium level, with the injection rates for the rest of the boreholes at a low level.
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4.2. Assessment of the Hydraulic Conductivity of Host Rocks

Using the numerically derived empirical Equation (1), the hydraulic conductivity
of rock mass peripheral to each water curtain borehole can be back-calculated from the
measured water injection rate in the borehole. Considering that the cavern excavation was
nearly completed during the water injection testing (observation) period, the parameter a
in Equation (1) takes the value of 21.5 (see Section 3.2). The results from a statistical analysis
of the computed equivalent hydraulic conductivity values are shown in Figure 12. On this
basis, a zoning map of hydraulic conductivity is obtained, as shown in Figure 11.
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Figure 12. Statistical results of the equivalent hydraulic conductivity (k) of rocks surrounding water curtain boreholes:
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Statistics show that the arithmetic mean value of the equivalent hydraulic conductivity
of the host rock around water curtain boreholes is 1.52 × 10−8 m/s with a variance of
2.85 × 10−15 m/s. The peripheral rocks for 87% of the boreholes have hydraulic conductiv-
ity values ranging from 1.0 × 10−11 to 1.0 × 10−7 m/s while the hydraulic conductivities
of peripheral rocks of 3% of the boreholes are more than 1.0 × 10−7 m/s with those of the
remaining 10% of the boreholes less than 1.0 × 10−11 m/s. Figure 12b indicates that the
log10 k follows a bimodal distribution and the two modes (i.e., order of magnitude of k that
occurs most frequently) are −10 and −8, respectively. As shown in Figure 6a, when all the
boreholes were simultaneously supplied with water during the testing and observation
period, the direction of the water flow velocity is approximately vertical. Therefore, the
obtained equivalent hydraulic conductivity mainly represents the permeability of the rock
mass in the vertical direction.

After acquiring the above results, it is then necessary to compare the zoning map
of rock hydraulic conductivity with the geological information on the distribution of
geological defects (e.g., faults, fold, large-scale discontinuities, densely fractured zone,
and others), and to investigate the linkage between the zones of high-level hydraulic
conductivity and geological defects. Besides, the connectivity of the fractures is also quite
important and can be determined through cross-hole pumping or injection tests. All these
investigations lead to a further determination of the high-permeability zones that require
grouting or other seepage-control measures for the purpose of reducing excessive water
inflow of storage caverns.

5. Conclusions and Further Work

The underground water-sealed storage cavern project has a higher demand for accu-
rate determination of the flow rate, which relies upon reasonable estimation of the rock
hydraulic conductivity. For such a kind of rock cavern project, hydro-geological test data
of water curtain boreholes offer advantageous conditions for evaluating the hydraulic con-
ductivity. However, there is a lack of an effective and well-established method of exploiting
these borehole data to characterize the heterogeneity in the hydraulic conductivity of host
rocks. This study presents a new method for accurately mapping the spatial variability
of the hydraulic conductivity of rock masses surrounding water curtain boreholes. The
method was developed using 3-D numerical seepage analysis, and an empirical relation-
ship was numerically established, which enables an estimate of the hydraulic conductivity
from the flow rate of the water curtain borehole measured in a steady water injection test.
The numerical results indicate that the water curtain gallery drainage, occurring during the
construction period, has a significant influence on the seepage field around water curtain
boreholes; such an influence was fully considered in the development of the proposed
method. Besides, the effect of the rock fracture configuration on hydraulic conductivity
assessment was examined, and the results highlight the fundamental importance of the
interconnection between the fractures, boreholes, and permeable boundaries in under-
standing the heterogeneity of the hydraulic conductivity as well as the groundwater flow
patterns around the cavern.

It may be worth mentioning that there are still some issues or shortcomings related
to hydro-geological tests and seepage analysis, such as an incomplete testing scheme,
lack of standardization for the test procedure, lack of a robust theoretical basis for data
analysis, uncertainties associated with the parameterization of hydraulic properties, and
determination of the connectivity of hydraulic parameters in fractured rocks. In order to
improve the accuracy of seepage analysis and water flow prediction, these issues need to
be further studied.
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