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Abstract: The European Union policy of encouraging renewable energy sources and a sustainable and
safe low-carbon economy requires flexible energy storage systems (FESSs), such as pumped-storage
hydropower (PSH) systems. Energy storage systems are the key to facilitate a high penetration of the
renewable energy sources in the electrical grids. Disused mining structures in closed underground
coal mines in NW Spain have been selected as a case study to analyze the construction of underground
pumped-storage hydropower (UPSH) plants. Mine water, depth and subsurface space in closured
coal mines may be used for the construction of FESSs with reduced environmental impacts. This paper
analyzes the stability of a network of tunnels used as a lower water reservoir at 450 m depth in
sandstone and shale formations. Empirical methods based on rock mass classification systems are
employed to preliminarily design the support systems and to determinate the rock mass properties.
In addition, 3D numerical modelling has been conducted in order to verify the stability of the
underground excavations. The deformations and thickness of the excavation damage zones (EDZs)
around the excavations have been evaluated in the simulations without considering a support system
and considering systematic grouted rock bolts and a layer of reinforced shotcrete as support system.
The results obtained show that the excavation of the network of tunnels is technically feasible with
the support system that has been designed.

Keywords: mining structures; underground reservoir; empirical analysis; numerical modelling;
energy storage; hydropower plants

1. Introduction

In the current evolving energy context, characterized by an increasing of variable renewable
energy (VRE) in the electricity mix, the development of flexible energy storage systems (FESSs), such as
pumped storage hydropower (PSH) or compressed air energy storage (CAES) plants are required.
PSH is the most mature technology to provide ancillary services to the electrical grid [1]. PSH systems
accounted for 150 GW worldwide in 2016 (40 GW in the European Union) [2] and the capacity could
be 325 GW in 2030 [3].

Underground pumped storage hydropower (UPSH) is an alternative to store large amounts
of electrical energy with low environmental impacts [4,5]. Other energy storage systems such as
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Li-ion batteries are more efficient, but more expensive to install [6,7]. Geomechanical studies of
the underground infrastructure are required to assess the technical feasibility of subsurface energy
storage plants. Menendez et al. [8] carried out a stability analysis of the underground infrastructure of
UPSH plants in closed mines. The stability of the powerhouse cavern and the effect of air pressure
on the excavations (tunnels and air shafts) during the operation time were analyzed. Uddin and
Asce [9] studied the behavior of a limestone mine as UPSH plant, at 671 m depth with a volume
of 9.6 million m3. Carneiro et al. [10] presented the opportunities for large-scale energy storage in
geological formations in mainland Portugal. UPSH, CAES and gas storage systems (hydrogen and
methane) were analyzed. Khaledi et al. [11] analyzed compressed air storage caverns in rock salt
considering thermo-mechanical cyclic loading. The study concludes that the stability is affected by
the operating pressure (10 MPa) and the increased creep rate accelerates the volume convergence.
Liu et al. [12] applied empirical analysis and numerical methods to provide a support design for an
underground water-sealed oil storage cavern. Chen et al. [13] developed a numerical model to analyze
the stability of a small-spacing two-well salt cavern used as gas storage. Rutqvist et al. [14] investigated
the thermodynamic and geomechanical performance of CAES systems in concrete-lined rock caverns.
Zhu et al. [15] developed an equation for prediction of displacement at the key point on the high
sidewalls of powerhouse caverns, considering four basic factors (the rock deformation modulus, the
overburden depth, the height of the powerhouse and the lateral pressure coefficient of the initial stress).
Harza [16] suggested the idea to use a closed underground mine as a lower reservoir and develop
an UPSH plant in 1960. At the end of the 1960s, Swedish engineers proposed the exploitation of a
surface upper reservoir and the construction of a new lower water reservoir in an underground rock
cavern [17]. Sorensen suggested an optimistic future for the development of UPSH plants [18]. The
Mount Hope project, located in northern New Jersey (USA) was proposed in 1975 [19]. It intended to
use the facilities of a closed iron mine as a lower water reservoir, but it was never developed. In 1978,
an UPSH project was presented with a lower reservoir formed by a network of 15 × 25 m elliptical
tunnels, at a depth of 1000 m [20]. During the 1980s, a project to install an UPSH plant was proposed in
the Netherlands [21], but the project was finally not developed due to the poor quality of the rock mass.
Wong assessed the possibility of constructing UPSH plants in the Bukit Timah granite of Singapore [4].
Coal mining structures in closed underground coal mines in the Asturian Central Coal Basin (ACCB),
NW Spain, have been proposed as a lower water reservoir of UPSH plants [22,23]. Recently, several
studies have been also carried out in Germany to assess the possibilities to develop UPSH plants
on closed underground coal mines in the Harz and Ruhr regions [24–26]. Pujades et al. [27] and
Kitsikoudis et al. [28] proposed a closed slate mine in Belgium as a lower reservoir of an UPSH plant.
The slate mine consists of nine large caverns with an available volume of 550,000 m3.

This paper analyzes the stability of a network of tunnels as a lower water reservoir at 450 m depth in
sandstone and shale rock formations in closed mines. The rock mass was characterized according to the
rock mass quality (Q-System) and the rock mass properties were estimated. In addition, 3D numerical
analysis using FLAC 3D have been performed to verify the stability of the excavations. The maximum
thickness of the excavation damage zone (EDZ) and the vertical and horizontal displacements when
the support system is applied have been compared to the unsupported case in central and transversal
tunnels. The axial force, bending moment and shear force in the shotcrete layer have also analyzed.
The results obtained show that the excavation of the network of tunnels is technically feasible with the
support system that has been designed.

2. Methodology

2.1. Preliminary Energy Balance

The storable amount of electricity in UPSH systems depends on the reservoirs’ capacity and the
hydraulic net head [26]. Figure 1 shows the stored energy per cycle in a closed coal mine considering
water masses between 0.1–0.5 Hm3 and net heads between 100–600 mH2O. A Francis turbine efficiency
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of 90% in turbine and pump modes has been considered [29]. Finally, the power output and the power
input of the turbines depends on the time at full load. The energy storage reaches 480 MWh cycle−1

considering a gross head of 450 mH2O and a useful water capacity of 450,000 m3.
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2.2. Geology

The Asturian Central Coal Basin (ACCB) is a coal mining area located in NW Spain. It is precisely
in the ACCB where the terrigenous carboniferous sediments are best represented, reaching a thickness
close to 6000 m between the Namurian B and Westfalian D. The succession is divided at large scale
into two sectors: one lower denominated Lena Group, characterized by limestones and thin seams of
coal, and another superior called Sama Group, in which limestones are less abundant and there are
levels of sandstones, shales and seams of exploitable bituminous and hard coal [8].

2.3. Underground Hydroelectric Power Plant

UPSH systems consist of two water reservoirs; the upper reservoir is located above ground,
while the lower reservoir is underground. The scheme of an underground hydroelectric power plant
and lower water reservoir is shown in Figure 2a. In the present work, a subsurface water reservoir
conformed by a new network of tunnels with an arched roof and straight walls cross-section of 30 m2

(Figure 2b) is considered. The water reservoir consists of a central tunnel connected to the ventilation
shaft, and 200 m length of transversal tunnels with a distance between them of 20 m. To avoid water
leakage, the tunnels’ surface is covered with an impermeable high-strength membrane.
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2.4. Empirical Analysis

The Q-system method was developed by Barton et al. [30] in the Norwegian Geotechnical Institute
(NGI) to classify rock masses. The method is based on about 200 case histories of caverns and tunnels.
The Q-system has been updated and it is now based on 1260 case records [31]. Barton carried out
some changes and adapted it to give support recommendations due to the increasing use of steel fibre
reinforced shotcrete (SFR) in underground excavation support [32]. The quality of rock masses (Q) is
obtained by applying Equation (1).

Q =
RQD

Jn

Jr

Ja

Jw

SRF
(1)

where RQD is the rock quality designation, Jn is the joint set number, Jr is the joint roughness, Ja is the
joint alteration, Jw is the water reduction factor and SRF is the stress reduction factor. The Q value
varies from 0.001 for exceptionally poor quality to 1000 for an exceptionally good quality rock mass.
A stress-free form QN was defined by Goel et al. [33], which is given by Equation (2).

QN =
RQD

Jn

Jr

Ja
JW (2)

Barton defined a new parameter QC (Equation (3)) to improve the correlation among the
engineering parameters, where σci is the strength of intact rock in MPa [32].

QCN = Q
σci
100

(3)

The bolt length (Lb) may be calculated in terms of the excavation width B, by the Equation (4),
proposed by Barton et al. [30].

Lb = 2 + (0.15 B) (4)

2.5. Material Properties

The physical and mechanical properties of the shale and sandstone were obtained from laboratory
testing at the University of Oviedo Rock Mechanics Laboratory on intact rock samples following
International Society Rock Mechanics (ISRM) methods [34]. Table 1 shows the properties of the intact
rocks and the geological strength index (GSI). The rock mass properties were determined by means of
empirical methods considering a blast damage factor D = 0.8. Table 2 shows the rock mass properties
of the shale and sandstone formations that have been employed as input data in the numerical analysis.

Table 1. Properties of intact rocks.

Lithology Unit Weight,
γ (KN m−3)

Intact Modulus, Ei
(MPa)

Compressive
Strength, σci (MPa)

Intact Rock
Constant (mi)

GSI

Shale 23.83 28,988 59.7 9.2 35
Sandstone 25.87 43,650 150.8 15.4 50

Table 2. Rock mass properties considered in the models.

Lithology Young’s Modulus
(MPa) Poisson’s Ratio Tensile Strength

(MPa)
Cohesion

(MPa)
Friction Angle

(◦)

Shale 3287 0.27 0.048 0.82 37.7
Sandstone 13,409 0.25 0.226 2.02 52.7

2.6. Numerical Modelling

To verify the results of the empirical analysis, a 3D numerical analysis was developed. FLAC 3D
commercial software was applied to obtain the deformations and the failure states considering the
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excavation of the network of tunnels and the support system [9,15,35]. Figure 3 shows the geometry of
the models of the lower reservoir in the form of a network of tunnels that have been selected to conduct
the numerical analysis. The size of the transversal tunnels model (Figure 3a) is 82.5 m long, 12.5 m wide
and 69 m high, and the central tunnel–junction zone model (Figure 3b) is 174 m long, 12.5 m wide and
80 m high. It is assumed that there are roller boundaries at the bottom and along the sides and there is
an unconstrained boundary at the top of model for application of uniform vertical stress, in order to
simulate the primary stress field. The mesh was refined close to the contour of the excavations and
gradually was coarser at positions outwards, for increasing the accuracy of the calculations.
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2.7. Simulation Procedure

For the models of the network of tunnels, the solution steps included: (1) establishment of the
initial stress field by applying vertical and horizontal stresses and once equilibrium was reached
deformations are reset, (2) excavation of the central and transversal tunnels, and (3) installation of
the support system immediately after excavation. Failure states and total displacements caused by
excavations and installation of the support system were analyzed. The rock mass is considered as
homogenous and linearly elastic-perfectly plastic, according to the Mohr-Coulomb (M-C) field criterion.
Plastic failure occurs when the shear stress on a certain plane reaches a limit called the shear yield
stress. The M-C failure criterion is expressed in Equation (5).

1
2
(σ1 − σ3) = c cosφ−

1
2
(σ1 + σ3) sinφ (5)

where σ1 and σ3 are the maximum and minimum principal stresses, respectively, in MPa, c is the
cohesion, in MPa, and φ is the friction angle, in degrees. The initial primary stress field at the tunnels’
depth of 450 m is 10.35 × 106 Pa in the vertical direction and 5.17 × 106 Pa in the horizontal direction,
considering a density of 23 KN m−3. The in-situ horizontal stresses were obtained from the empirical
equations from global data and a compilation of such data within the ACCB.

2.8. Numerical Modelling. Support System Design

Table 3 shows the design of the support system in the transversal tunnels and the central tunnel for
the existing rock masses in the study area. The bolt lengths were calculated by Equation (4), as 2.75 m;
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therefore, the rock bolt length design was 3 m. In the shale formation grouted rock bolts were selected
with the following specifications: 25 mm diameter, 245 KN (25 t) of load capacity, 3 m long, and spacing
between bolts of 1.2 m. Furthermore, there was a layer of 150 mm thick reinforced shotcrete in the
central tunnel and a layer that was 120 mm thick in transversal tunnels. In the sandstone formation,
grouted rock bolts were selected with the following specifications: 25 mm in diameter, 245 kN of load
capacity, 3 m long, and spacing between bolts of 1.5 m. A layer of 80 mm thick reinforced shotcrete in
the central tunnel and 60 mm thick in transversal tunnels is also simulated.

Table 3. Support system design.

Shale Rock Mass

Central tunnel Systematic bolting 245 kN, φ = 25 mm, L = 3 m, Reinforced shotcrete 150 mm
Transversal tunnels Systematic bolting 245 kN, φ = 25 mm, L = 3 m, Reinforced shotcrete 120 mm

Sandstone Rock Mass

Central tunnel Systematic bolting 245 kN, φ = 25 mm, L = 3 m, Reinforced shotcrete 80 mm
Transversal tunnels Systematic bolting 245 kN φ = 25 mm, L = 3 m, Reinforced shotcrete 60 mm

3. Results and Discussion

3.1. Q-System Method

To estimate the support system it is necessary to establish an equivalent diameter for the tunnel,
De, which is the width/height of excavation divided by the ESR (excavation support ratio), which for
transversal tunnels can be established at 1.3, so De = 5.0. For the central tunnel, a value of ESR of 1.0
has been estimated, obtaining an equivalent diameter for the tunnel, De = 6.5. The evaluations of rock
masses in sandstone and shale rock masses by using the Q-system and the GSI are summarized in
Table 4. By applying Equation (1), in sandstone formation a value of Q of 1.27 is obtained, while in the
shale rock mass the value of Q is 0.23.

Table 4. Evaluating results using the Q-system.

Lithology RQD Jn Jr Ja Jw SRF Q QN GSI

Shale 31 15 1 2 0.4 1.8 0.23 0.41 35
Sandstone 48 12 1.4 2.2 0.5 1 1.27 1.27 50

The suggested support systems based on the Q-system for the central tunnel and the transversal
tunnels are given in Table 5 following the recommendations proposed by Grimstad and Barton [31]
using an equivalent diameter of 5.0 and 6.5 for transversal tunnel and central tunnel, respectively.

Table 5. Empirical analysis. Support categories for shale and sandstone formations.

Shale Rock Mass

Central tunnel Systematic grouted bolts spaced 1.4 m, L = 2.7 m, Fibre reinforced shotcrete 120 mm
Transversal tunnels Systematic grouted bolts spaced 1.4 m, L = 2.7 m, Fibre reinforced shotcrete 100 mm

Sandstone Rock Mass

Central tunnel Systematic grouted bolts spaced 1.7 m, L = 2.4 m, Fibre reinforced shotcrete 80 mm
Transversal tunnels Systematic grouted bolts spaced 1.7 m, L = 2.4 m, Fibre reinforced shotcrete 50 mm

3.2. Numerical Simulations

The results of the calculations that have been conducted in sandstone and shale rock masses,
in transversal tunnels, the central tunnel and the junction zone between them are shown in this section.
Table 3 shows the properties of the support system used in the numerical analysis (bolt diameter,
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length, spacing, load capacity, and thickness of the spayed concrete layer). Figure 4 shows the vertical
and horizontal displacements in the transversal tunnels for shale rock mass according to the model
indicated in Figure 3a. The maximum displacement is located at the tunnel walls (17.4 mm).
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Table 6 shows the summary of the numerical simulations results in transversal tunnels for shale
and sandstone rock masses: vertical and horizontal displacements, thickness of the EDZ, axial load in
rock bolts and axial force, bending moment and shear force in the shotcrete layer at the walls, roof
and floor of tunnels for unsupported and supported cases. By installation of the support, the EDZ
and total displacements (vertical and horizontal) notably decreased. Because of the lower quality of
the rock mass, in shale formation the displacement values are higher than in sandstone rock mass.
The maximum value of displacement reached 17.5 mm at the walls of the tunnels in shale rock mass.
The maximum thickness of EDZ is located at the tunnel walls in shale formation, reaching 2.1 m. In shale
formation, the vertical and horizontal displacements are reduced to 12.5 mm (27%) and 14.8 mm
(15%), respectively. In sandstone formation, the vertical (roof) and horizontal (walls) displacements are
reduced to 1.92 mm (34%) and 2.27 mm (22%), respectively. In addition, the thickness of the EDZ is
also reduced by 38% in shale formation when the support system is applied.

Table 6. Numerical simulations results in transversal tunnels.

Variable
Unsupported Case Supported Case

Shale Sandstone Shale Sandstone

Vertical displacements (mm) 17.1 2.93 12.5 1.92
Horizontal displacements (mm) 17.4 2.91 14.8 2.27
Thickness of EDZ (m) 2.1 0.72 1.3 0.37

Axial load rock bolts (kN) 130.0 30.5

Shotcrete
Axial force (kN) 699.46 62.41
Bending moment
(KNm) 1.5 0.03

Shear force (kN) 5.02 0.08

Figure 5a also shows the rock bolts force for sandstone rock mass. The maximum load in the
grouted rock bolts reached 30.5 kN at the tunnel walls. Figure 5b shows the failure states for transversal
tunnels in sandstone formation as the model reaches equilibrium. A combination of shear and tensile



Appl. Sci. 2020, 10, 5853 8 of 13

failure initiation mechanisms are observed at the floor and walls. The failure mode changes to
only shear at the roof of the tunnels. The thickness of the EDZ is 0.72 m in sandstone formation.
The simulation results indicate that the designed support systems can guarantee the tunnels stability.
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Figure 6a indicates the rock bolt axial force for transversal tunnels in shale formation.
The maximum bolt force is located at the walls of the tunnels (130 kN). Figure 6b shows the
plasticity zones for shale formation after reaching balance. Shear failure is observed at the roof,
walls and floor of the transversal tunnels. The thickness of the EDZ is larger in shale rock mass,
reaching a value of 2.1 m. After support installation the thickness of the EDZ is reduced to 1.3 m in
shale formation and 0.37 m in sandstone formation.
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In addition to the stability analysis in the transversal tunnels, the state of plasticity and the total
displacements have also been analyzed in the central tunnel. Figure 7 shows the axial force in the rock
bolts and the state of plasticity in the central tunnel for shale formation. A combination of shear and
tensile failure initiation mode is seen at the roof, walls and floor of the central tunnel. Table 7 shows the
summary of the numerical simulations results in the central tunnel in shale and sandstone formations
for unsupported and supported cases, with the support system indicated previously in Table 3.
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Table 7. Numerical simulation results in the central tunnel.

Variable
Unsupported Case Supported Case

Shale Sandstone Shale Sandstone

Vertical displacements (mm) 20.92 3.29 12.97 2.51
Horizontal displacements (mm) 18.32 2.72 11.62 1.54
Thickness of EDZ (m) 2.9 1.1 1.75 0.65

Axial load rock bolts (kN) 188.9 18.5

Shotcrete
Axial force (kN) 883.64 56.29
Bending moment
(KNm) 8.08 0.16

Shear force (kN) 22.35 0.42

The maximum value of displacement reached is 20.92 mm at the roof of the tunnel in shale
rock mass. The thickness of the EDZ reached is 2.9 m is shale formation for the unsupported case.
The vertical and horizontal displacements in sandstone formation reach 3.29 and 2.72 mm, respectively.
The area of the EDZ and the maximum displacements notably decreased when the support system
is applied. In shale formation, the vertical (roof) and horizontal displacements decreased down to
12.97 mm (38%) and 11.62 mm (36.5%), respectively. The rock bolt load reaches a value of 188.9 kN
at the walls, while the elastic capacity of the rock bolts is 245 kN (safety factor of 1.29). The axial
force, bending moment and shear force in reinforced shotcrete layer have also been analyzed, reaching
883.64 kN, 8.08 kNm, and 22.35 kN, respectively, in shale rock mass.

Finally, the stability analysis was carried out in the junction zone between the central and
transversal tunnels. Figure 8a shows the horizontal displacement and Figure 8b shows the shear force
in the fibre reinforced shotcrete layer.
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Table 8 shows the results for the junction zone between the central and transversal tunnels.
The maximum value of displacement reached 18.20 mm at the roof of the tunnels in shale rock mass.
By installation of support, the thickness of the EDZ and deformations are reduced. In shale formation,
the vertical and horizontal displacements decreased down to 13.84 mm at the roof and 11.51 mm in
the walls, when the support system is applied. The axial force, bending moment and shear force in
reinforced shotcrete layer have also been analyzed in the junction zone, reaching 1570 kN, 9.31 kNm,
and 27.13 kN, respectively, in shale rock mass. The shear force indicated in Figure 8b shows peaks due
to the head of the rock bolts.

Table 8. Numerical simulation results in the junction zone.

Variable
Unsupported Case Supported Case

Shale Sandstone Shale Sandstone

Vertical displacements (mm) 18.20 2.96 13.84 1.76
Horizontal displacements (mm) 16.03 2.17 11.51 1.82
Thickness of EDZ (m) 2.9 1.2 1.8 0.7

Axial load rock bolts (kN) 160.4 29.6

Shotcrete
Axial force (kN) 1,570.0 168.72
Bending moment
(KNm) 9.31 0.21

Shear force (kN) 27.13 0.59

Figure 9 shows the rock bolts force in the central tunnel and the transversal tunnels depending on
the distance from the rock bolt head. Rock bolts located at the walls in shale and sandstone formations
have been selected. The maximum axial load is reached in shale rock mass, at the central tunnel. It has
been observed that in all scenarios the axial load reached is less than 245 kN (load capacity designed).
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4. Conclusions

Flexible energy storage systems allow increasing the generation of electricity by means of
intermittent renewable energy sources. A closed coal mine in the Asturian Central Coal Basin
(NW Spain) is proposed as a subsurface water reservoir of underground pumped storage hydropower
plants. Underground pumped storage hydropower plants provide a large amount of electrical energy
with rapid response and low environmental impacts. An underground reservoir conformed by a
network of tunnels with an arched roof cross section of 30 m2 has been designed. For the construction
of the underground water reservoir it is necessary to analyze the stability of the excavation of the
network of tunnels. Transversal tunnels, the central tunnel and junction zones have been analyzed.

Empirical analysis and three-dimensional numerical simulations have been carried out in this
work. According to the empirical analysis, grouted rock bolts and a layer of fibre reinforced shotcrete
were recommended as the support system. The rock mass properties used as input parameters for
numerical modeling were obtained from laboratory tests and estimated from rock mass classification
systems. In the numerical model, the state of plasticity, the axial load in rock bolts and the deformations
around the tunnels were analyzed. In addition, the axial force, the bending moment and the shear force
were also checked in the reinforced shotcrete layer. The maximum displacements and thickness of the
excavation damage zone were reached in shale formation. As shown by the numerical simulations,
the proposed support from empirical analysis was feasible. By applying the designed support system,
the area of the excavation damage zone and the maximum displacements significantly decreased.
The results of the numerical analysis show that no significant failure is expected. All this shows that a
combination of empirical and numerical methods is appropriate to design a proper support system in
underground infrastructures.

Based on further rock lab testing, a softening factor for the rock mass after failure should be
applied in order to get more precise predictions for displacements and the extension of the excavation
damage zone as well as the support loads.
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Nomenclature

3D Three-dimensional
ACCB Asturian Central Coal Basin
CAES Compressed air energy storage
EDZ Excavation damage zone
ESR Excavation support ratio
FESS Flexible energy storage system
GSI Geological strength index
MC Mohr-Coulomb
PSH Pumped-storage hydropower
RQD Rock quality designation,
SFR Steel fibre reinforced shotcrete
SRF Stress reduction factor
UPSH Underground pumped-storage hydropower
VRE Variable renewable energies
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