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ARTICLE INFO ABSTRACT

Electricity storage systems are necessary to increase the efficiency of variable renewable energies. Mine water in
closed underground coal mines can be used for underground pumped-storage hydropower plants. Subsurface
energy storage systems require the excavation of a powerhouse cavern and a network of tunnels as lower water
reservoir. To prevent build-up of high air pressures in the network of tunnels during the water filling process it is
necessary to excavate ventilation shafts. In this paper, fluid dynamics and geomechanical behavior are combined
in the lower reservoir in order to know the feasibility of the underground infrastructure. Depending on the
diameter of the ventilation shafts and water flow rate, air pressures up to 420 kPa can be reached. The stability of
the powerhouse cavern and the effect of air pressure on the tunnels and shafts during the operation phase of the
turbine are analyzed. Coal mines in Northern Spain have been selected as a case study to investigate the behavior
of the underground infrastructure of a hydropower plant. Three-dimensional numerical models were developed
and analyzed for different rock mass scenarios. The results obtained show that the effect of air pressure on the
tunnels and shafts is moderate. The direction of air flow switches during operation time and long-term fatigue
damage could be produced to the contour of excavations. The excavation of the powerhouse cavern is technically
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feasible in case of the application of a proper designed support system.

1. Introduction

Pumped Storage Hydropower (PSH) is the most mature and widely
used technology for large-scale energy storage. It accounts for 99% of
the current storage capacity. The efficiency of the pumped hydro sys-
tems (i.e. energy output to energy absorbed for pumping) is between
70% and 80% (Schoenung et al., 1996; Ibrahim et al., 2008; Yang and
Jackson, 2011). PSH plants can start operation and reach full load in
few minutes. However, PSH plants can have also negative impacts on
landscape, environment and society (Wong, 1996; Kucukali, 2014).

A possible solution to this problem is provided by the idea to install
Underground Pumped-Storage Hydropower (UPSH) plants in aban-
doned mines. The first UPSH scheme was proposed in 1901 (Fessenden,
1907). During 1980’s a project to install an UPSH plant was launched in
the Netherlands (Braat et al., 1985). A study was carried out to evaluate
the potential of ten sites to establish an underground taconite mine in
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Minnesota (USA) whose cavities would be used afterwards as lower
reservoir for an UPSH plant (Severson, 2011). In Germany, in the Ruhr
and Harz regions, UPSH plants have been considered for abandoned
coal mines (Luick et al., 2012; Niemann et al., 2015). Although nu-
merous studies of UPSH plants have been carried out, projects of this
type have never been put into operation so far.

An UPSH plant consists in two reservoirs: an upper reservoir at the
surface and an underground lower reservoir. Although the cheapest
alternative would be the usage of abandoned mine workings, due to the
current state of the mining drifts, the tunnel network of the lower re-
servoir should be excavated.

There a number of uncertainties associate with the use of aban-
doned mines as lower reservoir for UPSH plants that need to be ad-
dressed in a feasibility study (Menendez et al., 2019; Winde et al.,
2016). Many of those mines are flooded and its use as energy storage
plants may be unfeasible. UPSH schemes are suitable in non-flooded
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mines, where the maintenance costs are lower. In addition, the condi-
tion of the mining infrastructure, such as shafts, hoists and ventilation
system, should be analyzed. New equipment could be installed but it
would imply a significant investment cost. The current vertical shafts
would be used in the operation phase. Due to the dimensions and the
weight of the equipment of an UPSH plant (Francis pump-turbine and
motor-generator), the construction of a new access to transport the
equipment from outside to the powerhouse cavern would be necessary.

Tunneling in abandoned coal mines could cause severe geo-en-
vironment problems (Tong et al., 2013). The presence of residual voids
after cessation of mine activities, which can be filled with water, debris
and gas, can have serious consequences on the excavation of tunnels.
Due to these problems, areas not affected by abandoned mine workings
should be selected to carry out the excavations. The new underground
infrastructure has a larger cross section compared with conventional
mine workings. Therefore, it is necessary to analyze the technical fea-
sibility of this type of excavations in the rock mass conditions of the
Asturian Central Coal Basin (ACCB). In addition to the network of
tunnels, the main underground structure of an UPSH plant is the
powerhouse cavern, where Francis turbine-pump and motor-generator
will be installed.

Although there are already a few studies about UPSH plants, none of
them deal with the detailed investigation of the air pressure flow inside
the underground reservoir. In this work, the analysis of the air flow
inside the reservoir is combined with the effect on the stability of the
excavations in the operation phase. In addition, during the operation
phase the direction of the air flow switches depending on the operating
mode of the hydroelectric power plant: turbine or pumping mode. Due
to these changes, the contour of the excavations is subjected to small
cyclic tensile loading and long-term fatigue damage could be produced.

This paper analyses the stability of the powerhouse cavern in the
rock mass existing of two different underground coal mines in the
ACCB. The effect of air pressure on the stability of tunnels and shafts
during the operation phase of the turbine, and how it is influenced by
diameter and water flow rate, is investigated.

2. Materials and methods
2.1. Study area

The study area is located in the ACCB in NW Spain (Fig. 1). It has an
extension of about 1400 km?. ACCB is an extensively mined area and its
network of tunnels covers more than 30 mines. Two closed under-
ground coal mines (Mine I and Mine II) have been selected as case study
to investigate the stability of underground infrastructure of UPSH
plants during the construction and operation phases. The typical
structure of underground coal mines consists of a main vertical shaft for
access and extraction of coal, and networks of horizontal drifts at dif-
ferent levels. There are also auxiliary shafts for the ventilation system
and to serve as emergency exits. The depth of the mining operations
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reached 600 m below surface. The diameter of the access and ventila-
tion shafts is 6 m. The cross section of the drifts is between 9 and 12 m?.
The exploitation drifts normally have a support system consisting of
steel arches and wire mesh.

2.2. Geology and hydrogeology

The ACCB is characterized by the so-called Sinorogic succession of
the Carboniferous, whose age ranges from Tournaisian to Westfalian D.
There are shales and sandstones with abundant layers of exploitable
coal and some limestones located preferably close to the base. In the
middle and upper part some layers of conglomerates up to 60 m thick
are interspersed, with clasts exclusively siliceous in the lower horizons,
and siliceous and calcareous clasts in the upper horizons.

From the hydrogeological point of view, the ACCB is characterized
by low porosity and permeability. Mining activity has induced im-
portant changes of the hydrogeological parameters. Porosity, perme-
ability and transmissivity increased significantly: porosity from 1 to
more than 10%, permeability from 10~! to 100 m-day ~?, and trans-
missivity from 10 to 1000 mz-day’1 (Pendas and Loredo, 2006). Un-
derground water has a bicarbonate content between 558 and 725 mg
L1, 160-173 mg L.~ ! of dissolved sodium and 54-116 mg L.~ " of dis-
solved calcium. Total hardness is between 3 and 5 mg CaCO5 L™ '. The
pH value is between 7.2 and 9.4 and the conductivity is 1.2 uSem ™! at
20°C.

2.3. UPSH scheme

The powerhouse caverns are located at a depth of about 450 m. An
analysis was made considering the excavation of the powerhouse and
the lower reservoir in sandstones and shales rock masses. An UPSH
scheme differs from a conventional PSH scheme in the location of the
lower reservoir. The scheme of an UPSH plant in a closed underground
coal mine is shown in Fig. 2. The upper reservoir is located at the
surface and the lower reservoir is excavated in form of a connected
tunnel system. To minimize the surface area occupied, the reservoir
design has a central tunnel and a number of transversal tunnels on ei-
ther side which are spaced 20 m apart. The length of these tunnels is
about 200 m and the cross section about 30 m? (5m wide and 6.5m
high). The penstock reaches the powerhouse through the existing ver-
tical shaft. The model also considers the submergence required by the
turbine (45 m), through a tunnel with an inclination of 10%. Francis
turbine-pump, motor generator and the valve guard are located in the
powerhouse. The cross section of power house cavern with semicircular
roof and straight wall is 325 m? (50 m long. 12 m wide and 28 m high).
The storable amount of energy depends on the net head and the water
mass moved. To absorb overpressure during transients in pumping
operation, a surge tank of 4 m diameter has been designed. At the end of
the lower reservoir, a ventilation shaft evacuates the air during the
operation phase.

[ MINE |
[ IMINEII

Fig. 1. Location of Mine I and Mine II in the ACCB, NW Spain.
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Fig. 2. Scheme of UPSH in a closed underground mine: upper and lower reservoir, penstock, spherical valve, Francis pump-turbine, motor-generator, surge tank and

vent shaft (left). 3D detail of the lower reservoir (right).

The air inside the underground reservoir becomes compressed
during the filling process. When the air pressure increases, the net head
of the UPSH plant decreases, implying a reduction in the production of
electrical energy. The air flow passes through the ventilation shaft. The
direction of the air flow varies depending on the operation mode of the
hydroelectric power plant. The air enters the mine during the pumping
mode and leaves the mine during the turbine operation mode. Flow rate
and pressure of air depend on the water flow rate of the Francis turbine
and the diameter of the ventilation shaft (Menendez et al., 2019b).
These pressure values have been obtained from both analytical and CFD
three-dimensional models developed to know the effect of air pressure
during the operation of an UPSHP as a function of the number and
diameter of ventilation shafts (Menendez et al., 2019c). The unsteady
evolution of the air pressure during the filling and depletion processes
was simulated to estimate the peak values, which are used to evaluate
the mechanical stability of the infrastructure. The air pressure reaches
values up to 420kPa for a water flow rate of 55m® s~! assuming a
diameter of the ventilation shaft of 0.5 m (Menéndez et al., 2019c). The
air pressure decreases to 120 kPa for a vent shaft with 1 m diameter. In
both operation modes (turbine and pump), the maximum value of the
air pressure is reached at the junction of the vent shaft with the tunnel.
The value is decreasing when it passes through the shaft to the ground
surface. Table 1 shows the parameters selected for the project.

3. Numerical modeling and material properties

FLAC3D software was used to calculate the deformations and the
failure states of the powerhouse caverns considering the excavation
stages and the rock support (Ray, 2009; Uddin and Asce, 2003). Thus,
in the tunnels and ventilation shafts of the lower reservoir the effect of
the air pressure due to the operation of the turbine is simulated. To

Table 1
UPSH plant design parameters.

UPSH design parameters

Lower reservoir — tunnels network (m?) 450,000
Tunnels network (m) 15,000
Water flow rate (m®s™?) 55

Net head (kPa) 3,864
Turbine power (MW) 190

Air pressure - vent shaft 0.5m ¢ (kPa) 420

Air pressure - vent shaft 1 m ¢ (kPa) 120

analyze the stability of the underground infrastructures, two types of
3D models have been developed: one for the excavation of the power-
house cavern and another which includes a tunnel and a ventilation
shaft to study the effect of air pressure.

3.1. Model geometries, meshes and boundary conditions

The powerhouse cavern model is 90 m long, 100 m wide and 100 m
high. The number of zones of the model is 63,840. The tunnel and shaft
model is 80 m long, 80 m wide and 115 m high. This model has 200,345
zones. In both models roller boundaries are applied at the bottom and
along the vertical sides. That means no normal displacements occur at
theses boundaries. A uniform vertical stress corresponding to the
overburden weight is applied at the top. To increase the accuracy of the
calculations, the mesh was refined close to the excavations and became
gradually coarser outwards. In the powerhouse cavern model, the mesh
size (gridpoint distance) close to the excavations is 0.8 m. On the other
hand, in the tunnel and shaft models, the mesh size in the shaft is 0.1 m.
The Mohr-Coulomb (M-C) failure criterion with tension cut-off has been
applied for the sandstone and the shale. In the classical M-C model the
strength properties of the materials are assumed to remain constant
after the onset of plastic failure. This assumption means that the ma-
terial is able to support a stress equal to the failure strength after failure
onset. The M-C failure criterion is given by Eq. (1).

f* =01 — 03N + 2¢, /Ny ¢}
_ 1 +sin(¢)
? 7 1 —sin(g) @

where f* is the shear failure envelope, 0; and 03 are the major and minor
principal stresses, ¢ is the friction angle and c is the cohesion. For the
altered shale, the M-C ubiquitous-joint model has been applied. The M-
C ubiquitous-joint is based on the M-C model, but in addition planes of
weaknesses are taken into account. The M-C ubiquitous-joint failure
criterion is given by Eq. (3).

fs =7+ 033t0n¢j ] 3)

where ¢, ¢j, T and 033 are the friction, cohesion, tangential traction
component and minor principal stress of the weakness plane, respectively.
The plastic parameters are obtained by linearization of the generalized
Hoek-Brown failure criterion (Hoek et al., 2002). Rock mass engineering
properties for each lithology are obtained by means of the GSI rock mass
classification under consideration of a disturbance factor (D).
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Fig. 3. Stratigraphic profiles for Mine I and Mine II. Powerhouse cavern and lower reservoir situation.

3.2. Material properties

Fig. 3 shows the stratigraphic profile of the Mine I and Mine II. In
Mine I, the powerhouse cavern is excavated in sandstone at 450 m
depth (EL -210 m a.s.l). The lower reservoir is excavated in shale lo-
cated at 405m depth (EL -165m a.s.l). In Mine II, the powerhouse
cavern is located at a depth of 457 m (EL -112m a.s.]), and it is ex-
cavated in shale. The excavation of the lower reservoir is performed in
altered shale formation (affected by mining activities). The tunnel
system of the lower reservoir is located at 412 m depth (EL -67 m a.s.l).

HUNOSA coal mining company provided geological logs and rock
mechanical data for the existing formations considered in the study
area. The physical and mechanical properties of the rocks were de-
termined by laboratory testing on intact rock samples following ISRM
suggested methods (ISRM, 1981). Laboratory tests were performed on
40 core samples obtained from the case study mines at the University of
Oviedo (Mechanics Laboratory). Brazilian tensile test, unconfined
compressive strength (UCS) tests, triaxial compression test and direct
shear test of discontinuities were conducted on the prepared samples to
obtain the intact rock and discontinuity properties. Uncertainty has
been considered by probability distributions for selected parameters.
The relative standard uncertainty is lower than 9.7% and 8.3% for shale
and sandstone samples, respectively. Uncertainty quantification has not
been considered by the finite element model. Unfortunately, in-situ
measurements are rare, however, several borehole pressiometer tests
were conducted. They delivered the following values for the Young's
modulus: 1.0-1.5 GPa for shale and 5.0-5.5 GPa for sandstone. These
values are in close agreement with the parameters for Young's modulus
derived from lab tests and rock mass classification.

The rock mass properties such as Hoek-Brown (H-B) constants, UCS

(Ocmass) and uniaxial tensile strength of rock mass (Oymass), deformation
modulus (En.s) and shear strength parameters were calculated by
means of different empirical equations. The H-B failure criterion has
been used to obtain the equivalent M-C strength parameters (cohesive
strength and friction angle of rock masses). Unit weight (y), intact
uniaxial compressive strength (o), intact modulus (E;), intact rock
parameter (m;), Geological Strength Index (GSI) and the constants used
by the generalized H-B failure criterion (m;,, s and a) are given in
Table 2. H-B constants (m;, s and a) have been calculated by applying
the following equations (Hoek et al., 2002):

S (GSI— 100)
b= P\ 1D &)
(051—100)
s =exp| ————
9—-3D )
ao il (—GSI)_ex (—zo)
T2 PUts P73 (6)
Table 2

Model parameters: intact rock properties, GSI and Hoek-Brown constants.

Parameter Shale Sandstone  Altered shale
Unit weight, y (kN m~3%) 23.83 25.87 23.83

Intact Modulus, E; (MPa) 28,988 43,650 21,000
Intact uniaxial comp. strength, o.; (MPa) 59.7 150.8 35.0

Intact rock constant (m;) 9.2 15.4 9.2

GSI 35 50 35

my 0.903 2.582 0.903

s 0.00073 0.00386 0.00073

a 0.5159 0.5057 0.5159
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where my is a reduced value of the intact rock constant (m;), s and a are
rock mass constants. The intact rock constant (m;) can be obtained by
triaxial testing of rock. D is a factor that depends upon the degree of
disturbance to which rock masses have been subjected by blast damage
and stress relaxation. It varies from O for undisturbed in-situ rock
masses to 1 for very disturbed rock masses. It has been assumed that the
value of D is zero (excellent blasting quality).

Rock mass parameters, deformation modulus, E.s (Hoek and
Diederichs, 2006) and tensile strength of rock masses Oymass (Hoek et al.,
2002) have been calculated by applying Eq. (7) and Eq. (8), respec-
tively.

1-DJ/2
Ejpass = Ei(0.0Z + n exp((60+15D—GSI)/11)) o
—8C¢j
o =
tmass My ®)

The equations for the friction angle ¢’ and cohesive strength ¢’ of
rock masses were given by Hoek et al. (2002):

A [ 6amy (s + myoz,)* ! ]
@ '=sin
2(1 + a)(2 + ) + 6amy (s + mpos, )~ ! 9)
" % [(1 + 2a)s + (1 — a)my0sa (s + Mposn)*
(1 + )2 + @)1 + (6amy (s + Mmyo3)* D/(A + )2 + )
(10)

where 03, = Omax Oci * Osmax © is the upper limit of confining stress for
which the relationship between the H-B and M-C criteria is considered.
a is 0.16 for hard rocks and 0.35 for weak rocks. The corresponding
rock mass properties are given in Table 3.

In altered shale formation, the planes of weakness are considered
with a dip of 45° and a dip direction of 0°. To deduce the rock mass
properties based on a rock mass classification a disturbance factor of
D = 0.8 has been selected.

3.3. Numerical simulations

Six models were run for the two mines. For the powerhouse cavern
models for Mine I and Mine II and the tunnel and shaft models for Mine

Table 3
Rock mass properties used for modelling Mine I and Mine II. The materials used
in the simulations are indicated with bold text.

Lithology Young’s Poissonis ratio  Tensile Cohesion Friction
modulus strength (MPa) angle ()
(MPa) (MPa)
Overburden 2,527 0.22 1.400 0.44 27.8
Conglomerate 8,200 0.23 3.300 5.54 22.4
Limestone 14,900 0.24 2.900 4.26 50.2
Shale 3,287 0.27 0.048 0.82 37.7
Altered shale 2,381 0.27 0.028 0.66 33.5
Sandstone 13,409 0.25 0.226 2.02 52.7
Coal 2,253 0.28 0.900 3.40 19.0
Table 4
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I and Mine II air pressure of 420 kPa and 120 kPa were considered for
each mine. Shaft diameter was set to 0.5m and 1 m in each mine.

For the powerhouse models, the following simulation steps were
performed: (1) Generation of primary stress field by stepping towards
model equilibrium and resetting deformations, (2) Excavation of ca-
verns in 4 stages: top heading excavation and three bench excavations,
and (3) Installation of support system immediately after excavation.
State of plasticity and displacements values due to excavations and
support measures were analyzed.

For tunnel and shaft models, the solution steps included: (1)
Generation of primary stress field by applying vertical and horizontal
stresses, (2) Excavation tunnels and shafts and (3) Application of air
pressure of 420 and 120 kPa. Plastic zones and displacements values
due to excavations and air pressure were analyzed.

The initial primary stress field at the powerhouse in a depth of
450 m is between 6.7 and 7.5 MPa in vertical direction and 2.2-2.5 MPa
in horizontal direction. The in-situ horizontal stresses were estimated
from empirical equations using global data and a compilation of local
data for ACCB region.

3.4. Support system

From a first analysis and previous experience, the proposed support
elements for each powerhouse cavern are summarized in Table 4.
Systematic grouted rock bolts spaced 2 m and a layer of fibre reinforced
shotcrete are considered in crown and walls. Particularly for under-
ground powerhouse caverns, shotcretés primary function is not only to
limit the deformation of the rock mass but also to reduce groundwater
seepage during construction and operation stages.

4. Results of numerical analysis
4.1. Powerhouse cavern stability

This section shows the results of the powerhouse simulations that
have been carried out in unsupported and supported cases for Mine I
and Mine II. The properties of support elements, such as rock bolt
diameter, length, spacing, load capacity and thickness of shotcrete are
given in Table 3.

4.1.1. Mine I

In Mine I, powerhouse cavern is excavated in shale. For unsupported
and supported cases, the thickness of plastic zones and maximum total
displacement at walls, roof and floor of the powerhouse cavern are
shown in Fig. 4. The proposed support elements consist of systematic
rock bolts: 25 mm diameter, 6 m long, spaced 2 m with wire mesh and
200 mm thick fibre reinforced shotcrete in crown (Stage 1); systematic
rock bolts 32 mm diameter, 15 m long, spaced 2m and 200 mm thick
fibre reinforced shotcrete in walls (Stage 2, 3 and 4). Due to the
thickness of the plastic zones, it was necessary to increase the length of
the bolts up to 15m in benches in excavation stages 2, 3 and 4. Fig. 4
shows the failure states for Mine I after reaching equilibrium. A com-
bination of shear and tensile failure mechanisms are observed in the

Powerhouse cavern support system for shale and sandstone layers (Mine I and Mine II).

Mine Rock Mass STAGE Support system

MINE I Shale Crown Systematic grouted rock bolts ¢ = 25 mm, 225 kN, L = 6 m, Fibre reinforced shotcrete 200 mm, E = 10 GPa
Bench 1 Systematic grouted rock bolts ¢ = 32 mm, 350 kN, L = 15 m, Fibre reinforced shotcrete 200 mm, E = 10 GPa
Bench 2
Bench 3

MINE II Sandstone Crown Systematic grouted rock bolts ¢ = 25 mm, 225 kN, L = 6 m, Fibre reinforced shotcrete 100 mm, E = 10 GPa
Bench 1
Bench 2

Bench 3
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Fig. 4. Powerhouse cavern excavation stages in shale formation (Mine I). Failure states and total displacements in roof, walls and floor for unsupported and

supported cases.

roof, the walls and the floor of the powerhouse cavern.

After support installation, the extension of the Excavation Disturbed
Zone (EDZ) is reduced only slightly, however, the magnitude of dis-
placements significantly decreased compared with the unsupported cases.
The vertical displacement is reduced by 15% to 33.8 mm in the roof and
the horizontal displacement is reduced by 18% to 28.8 mm in the walls.

The thickness of the plastic zone in the floor of the cavern is important,
due to tensile failure in the first stage of excavation but decreases with
ongoing excavation stages. Deformations for the unsupported case are
similar to values obtained by the analytical elastic solution for a circular
opening with 15 m diameter in an isotropic stress field.
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Fig. 5. Powerhouse cavern excavation stages in sandstone formation (Mine II). Failure states and total displacements in roof, walls and floor for unsupported and

supported cases.

4.1.2. Mine IT

The thickness of plastic zones and maximum total displacements in
roof, walls and floor of the powerhouse cavern for unsupported and
supported cases are shown in Fig. 5. In Mine II, the powerhouse cavern
is excavated in sandstone. The proposed support system for the Mine II
consist of systematic rock bolting: 25 mm diameter, 6 m long, spaced

2m and 100 mm thick fibre reinforced shotcrete in crown and walls
(Stage 1, 2, 3 and 4).

A combination of shear and tensile failure modes are observed in the
roof of powerhouse caverns. In the walls, the failure modes change from a
combination of shear and tensile failure to only shear failure. After support
installation, the extension of the EDZ is reduced slightly, however, the
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Axial Load in grouted rock bolts

——Right wall (Shale-Mine 1)
——Roof (Shale-Mine I)

—— Left wall (Sandstone-Mine 11)
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——Roof (Sandstone-Mine I1)

B
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Fig. 6. Analysis of axial load in grouted rock bolts for Mine I and Mine II.

magnitude of displacements significantly decreased compared with the
unsupported cases. The vertical displacement is reduced by 11% to
15.4 mm in the roof and the horizontal displacement is reduced by 12% to
10.8 mm in the walls. Again, deformations for the unsupported case are
similar to values obtained by the analytical elastic solution for a circular
opening with 15 m diameter in an isotropic stress field.

In summary, although the excavations are technically feasible with
the designed support measures, in the Mine I (shale), due to bad quality
of the rock mass, the thickness of the plastic zones around the cavern
and the total displacements are quite big in all the excavation stages. In
addition, the distribution of the axial force along the grouted rock bolts
is considered as an important factor to adjust the rock bolt design
(Imazu, 2000). Fig. 6 shows the axial load in grouted rock bolts for the
caverns of Mine I and Mine II (shale and sandstone formations). Three
bolt positions (roof, left wall and right wall) have been selected in each
powerhouse cavern.

The maximum axial load is reached in the bolts of the cavern of
Mine I (shale), with a value of 230 kN (left wall). The load capacity of
the bolts designed for the cavern of Mine I is 350 kN. In the roof of the

Mine I: Shale Formationh
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40 -40

Fig. 8. Geometry of the tunnel and ventilation shaft model.

cavern in shale the axial load reaches only 59.9 kN. In the cavern of
Mine II (sandstone) the axial load in the bolts are lower, with a max-
imum value of 46.3 kN in roof. In both caverns the designed load ca-
pacity is higher than the axial load reached in the rock bolts.

4.1.3. Numerical model validation

In-situ measurement data from Mine I and Mine II have been used to
validate the proposed numerical model for powerhouse caverns in
closed underground coal mines. Inclinometer data from two main-
tenance caverns - very similar in size compared to the planned pow-
erhouse caverns - were used. Two inclinometers per cavern were in-
stalled from an above located drift at a distance of 2 and 4 m from the
sidewalls of the cavern. After excavation, extensometers and con-
vergence stations were also installed. The specific constellation was
simulated and horizontal displacements in shale and sandstone forma-
tions have been compared with the in-situ measured data, with

Mine II: Sandstone Formationn
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Fig. 7. Calculated vs. measured horizontal displacements at different distances. (a) 2 m from sidewall in shale; (b) 4 m from sidewall in shale; (¢) 2 m from sidewall in

sandstone; (d) 4 m from sidewall in sandstone.
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reference to different distances from cavern sidewalls. Obtained results
are shown in Fig. 7 for shale and sandstone formations (Mine I and
Mine II).

Acceptable results have been obtained from this analysis. The nu-
merical models duplicate the measured maximum horizontal displace-
ments at a depth of half the cavern height (h/2). Also, the magnitudes
and their distribution are well reproduced by the applied constitutive
M-C model with the corresponding parameters.

4.2. Effect of air pressure on tunnels and shafts

In this section the results of the effect of the air pressure on the
tunnels and shafts of the lower reservoir during the operation of the
turbine are shown. Fig. 8 shows the geometry of the model. As in-
dicated previously in Fig. 2, the model includes the lower reservoir
tunnel, the ventilation shaft and the existing mine drift.

4.2.1. Mine I

The study has been carried out in two phases: construction phase
and operation phase. In the Mine I, the tunnel and the intersection of
the tunnel with the ventilation shaft is excavated in sandstone. Fig. 9
shows the failure states for Mine I after reaching equilibrium. The
displacements caused by an air pressure of 420 kPa in tunnel and vent
shaft with a diameter of 0.5m are also given.

The thickness of the plastic zones is reduced in this model due to the
quality of the rock mass. Shear failure mechanisms are observed in the
tunnel. Tensile failure modes are insignificant. The excavation of vent
shaft does not present shear or tensile failure. The results of the simu-
lations show that the air pressure does not initiate a modification of the
failure states. In Table 5 the results of the simulations in terms of
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thickness of plastic zones and magnitude of displacements for both
models in Mine I are shown. A displacement of 4.71 mm is reached
during the excavation. In the operation stage, a displacement value of
0.16 mm is reached for air pressure of 420 kPa (0.5 m diameter). For an
air pressure of 120 kPa, the displacement produced by the air pressure
is reduced to 0.045 mm.

4.2.2. Mine II

In the Mine II, the tunnel and the intersection of the tunnel with the
ventilation shaft is excavated in altered shale. In this model, a weak
plane with a dip of 45° and a dip direction parallel to the tunnel axis has
been considered. Fig. 10 shows the failure states and displacements
caused by an air pressure of 420 kPa in tunnel and vent shaft with a
diameter of 0.5m.

A combination of shear and tensile failure in rock mass and weak-
ness planes are observed. As for the model in sandstone, in this model
the air pressure does not produce a change in the failure states. The
thickness of the plastic zones reaches 2.6 m. In the model with a vent
shaft of 1 m in diameter, an increase in the thickness of the plastic zones
was observed at the junction of the ventilation shaft with the tunnel.

In Table 6 the results of the simulations in terms of thickness of
plastic zones and displacements for both models in Mine II are given. A
displacement of 73.9 mm is reached during excavation with a vent shaft
of 0.5m in diameter. If the diameter of the vent shaft is 1 m, the dis-
placement during excavation reached 132.9 mm. To reduce these dis-
placements, the installation of occasional rock bolts and a shotcrete
layer is proposed. In the operation stage, the displacement caused by air
pressure of 420kPa is 0.91 mm. For an air pressure of 120 kPa, the
displacement produced by the air pressure is only 0.26 mm.

During the operation phase the direction of the air flow switches

Failure states

Displacements (air pressure) [m]

shear-p
shear-p tension-p [
tension-p

Vent shaft diameter: 0.5 m

1.6108E-04
1.6000E-04

8.0000E-05
7.0000E-05
6.0000E-05
5.0000E-05
4.0000E-05
3.0000E-05
2.0000E-05
1.0000E-05
0.0000E+00

Air pressure: 420 kPa

Fig. 9. Plastic zones (left) and displacements (right) caused by an air pressure of 420 kPa in tunnels and shaft in Mine I during operation time (sandstone formation).

Table 5

Thickness of plastic zones and maximum displacements caused by excavation and air pressure in tunnel and shaft for Mine 1.

STAGE Vent shaft 0.5 m diameter (420 kPa)

Vent shaft 1 m diameter (120 kPa)

Thickness of plastic zones [m]

Displacement [mm]

Thickness of plastic zones [m] Displacement [mm]

Construction (Excavation) 1.1

Operation (Air pressure)

4.71
0.16

1.1 4.71

0.045
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Failure states

Displacements (air pressure) [m]

j-shear-p

shear-p
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shear-p j-shear-p j-tension-p
shear-p tension-p
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Vent shaft diameter: 0.5 m Air pressure: 420 kPa

Fig. 10. Plastic zones (left) and displacements (right) caused by an air pressure of 420 kPa in tunnels and shaft in Mine II during operation time (altered shale

formation).

Table 6

Thickness of plastic zones and displacement caused by excavation and air pressure in tunnel and shaft for Mine II.

STAGE

Vent shaft 0.5 m diameter (420 kPa)

Vent shaft 1 m diameter (120 kPa)

Thickness of plastic zones [m]

Displacement [mm]

Thickness of plastic zones [m] Displacement [mm]

Construction (Excavation) 2.6

Operation (Air pressure)

73.88
0.91

2.6 132.95

0.26

depending on the operating mode of the hydroelectric power plant:
turbine or pumping mode. Due to these changes, the contour of the
excavations is subjected to small cyclic tensile loads and damage at the
microscopic scale could be produced. The long-term stability of the rock
mass will depend on rock fatigue failure mechanisms (Guo et al., 2018;
Song et al., 2018). To study the behavior of rock masses under cyclic
loading, it would be necessary to carry out additional field measure-
ments and laboratory tests on rock samples.

5. Conclusions

Closed underground coal mines are proposed as lower reservoir of
UPSH plants. The excavation of the powerhouse cavern and a connected
network of tunnels and shafts are necessary for the installation of the
hydraulic equipment and the underground water lower reservoir, re-
spectively. Due to the large cross section and the equipment installed
inside, the stability of powerhouse caverns is one of the key require-
ments during construction and operation stages. In addition, during the
operation phase an air flow is generated during the filling process of the
lower reservoir. The air pressure can reach a value of up to 420 kPa.
Therefore, it is necessary to analyze the effect of the air pressure on the
stability of tunnels and ventilation shafts.

In summary, the research presented in this paper shows that the
excavation of underground caverns in the ACCB for UPSH plants are
technically feasible in the rock masses that have been analyzed. The
thickness of the plastic zones as well as horizontal and vertical dis-
placements are greater in the model of Mine I (shale). The support
elements have been designed to reduce displacements in the four stages
of excavation. The results of the numerical models show that no sig-
nificant failure has to be expected in both mines. The predicted results
are based on a validation of the constitutive law and its parameters
using in-situ measurements in the mines.
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The variations in air pressure during the operation of the facility
have little effect on deformations and stability of the tunnels and ven-
tilation shafts. In the model of the Mine II (altered shale) the dis-
placements and the thickness of the plastic zones are higher due to the
bad quality of the rock mass. In general, and supported also by this
study, it is recommended to excavate vent shafts of 1 m diameter, where
the air pressure is lower and the effects on the underground infra-
structure are reduced. Due to changes in the direction of air flow, de-
pending on the mode of operation (turbine or pumping), the rock mass
is subjected to cyclic loading. If the ventilation shaft has a diameter of
0.5m, a potential of long-term fatigue damage to the contours of the
excavations exist, which needs further investigations.
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