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Abstract. Underground Gas Storage (UGS) has become one of the most widely used practices to cope with
seasonal peaks in energy consumption. The planning of any new UGS facility, or its upgrading to increase the
working gas volume and reservoir performance, must be supported by an evaluation of possible induced effects
on the environment. From a geomechanical point of view, storage activity results in a cyclic change in stress
and deformation in the reservoir rock and the surrounding formations. The main environmental issues to be
accounted for when natural fluid pore pressure is planned to be exceeded are the following: (a) the differen-
tial displacements at the land surface possibly mining the integrity of ground structure; (b) the integrity of the
reservoir and caprock; (c) the possible reactivation of faults, if the target reservoir is located in a faulted basin;
and (d) the vertical upheaval and land subsidence that can impact on the surface drainage network in low lying
coastal areas. We present an original methodology for evaluating the geomechanical safety of UGS activities
using an approach derived from what is traditionally applied in the structural design of buildings. A safety fac-
tor, a margin of security against risks, is defined for each of the geomechanical issues listed above. First, a 3D
FE-IE numerical model is developed to reproduce the stress and displacement due to the UGS program under
evaluation. Then the reservoir pressure is increased until the “failure” condition is reached allowing to evaluate
how far the project designed condition is from the above limit. The proposed approach is applied to Romagna,
a depleted gas reservoir in Northern Italy converted to UGS, with the aim of investigating the safety of the
project to increase the reservoir pressure up to 120 %pi, where pi is the original reservoir pressure before the
start of primary production. The 3D geomechanical model has been developed using recent 3D seismic data,
land displacements by InSAR, lab tests on reservoir and caprock samples, in-situ Modular Formation Dynamic
Tester (MDT) stress tests, and large background information acquired from other UGS reservoirs located in the
same sedimentary basin. The analysis outcome has revealed that the investigated scenario is safe, with safety
factor larger than 1, in the range from 1.2 to 4. The most critical condition (the smallest safety factor) has been
obtained in relation to the mechanical integrity of the reservoir formation, under very conservative conditions
(cohesion = 0, friction angle= 30◦).
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Figure 1. Stress state in the plane σ–τ and displacement of the
Mohr–Coulomb circle following storage (p > p0) or production
(p < p0).

1 Introduction

Because of the need to cope with seasonal peaks in en-
ergy consumption, the interest to develop new underground
gas storage (UGS) facilities is continuously growing. The
widespread use of UGS is followed by a growing concern of
Government authorities and Public opinion about its geome-
chanical issues, especially subsidence and induced (micro-)
seismicity. Thus, there is a growing need to combine ad-
vanced geomechanical analyses with more understandable
evaluations.

Over the last decades a number of modelling applications
were developed to characterize the safety or the possible im-
pact of UGS. A deterministic approach based on the evalua-
tion of a few scenarios was followed by Teatini et al. (2011,
2019). Stochastic investigation by means of data assimilation
procedure were implemented by Fokker et al. (2013), Jha et
al. (2015) and Zoccarato et al. (2016).

In this work, a first attempt is made to develop an eas-
ily understandable approach to evaluate the safety of a UGS
plant derived from what is traditionally applied in the struc-
tural design of buildings. For a number of safety issues de-
tected in advance, the designed configuration Cd (in term of
stress or deformation) is compared with the failure configu-
ration Cf, and the safety factor is defined as the ratio Cf/Cd.

Taking inspiration from this approach, the design and fail-
ure configurations as well as the safety factor related to the
update of a UGS reservoir are evaluated with the aid of state-
of-the-art numerical models.

2 Methodological approach

2.1 Geomechanical issues definition

The UGS activities induce changes of the stress and strain
fields, with the earlier that remains substantially confined
within the reservoir formation and the nearest portion of the
surrounding rocks and the latter that spreads to the land sur-

face (Teatini et al., 2011; Castelletto et al., 2013). An exhaus-
tive evaluation of the possible impacts of a UGS field located
in a flat coastland must consider the following safety issues
(I):

– the gradient of the displacement field at the land sur-
face (I1): the subsidence and/or differential displace-
ments can weaken the load-bearing capacity of build-
ings and/or structures above the reservoir and surround-
ing areas, triggering of cracks or deformations that are
unacceptable in relation to the integrity of the structure.
The multi-level masonry buildings are the structures
most sensitive to differential displacements, with the
most cautious limit for the vertical deformation gradient
fixed at 50×10−5 i.e. 5 cm per 100 m (Viggiani, 2003).
The limits for all other types of structure are higher than
the latter (Simeoni et al., 2017), even 100 times for flex-
ible buildings such as those made of steel;

– the mechanical integrity of the reservoir rock and the
neighbouring formations (I2): the generation of frac-
tures/cracks due to shear failure can cause micro-
seismicity or compromise the hydraulic seal of the
caprock. Using a Mohr representation of the stress state,
two coefficients ψ and χ can be implemented to quan-
tify the gap between the actual stress state induced in
the reservoir and caprock, and the tensile and shear limit
conditions (Castelletto et al., 2013; Teatini et al., 2014).
The coefficient ψ , which is related to tensile failure, is
defined as follows:

ψ =
σ3

σ3,0

where σ3 is the minimum principal effective stresses
and σ3,0 is the minimum compression stress in undis-
turbed conditions. The χ coefficient, which is related to
shear failure, is defined as:

χ = 1−
τm

τ ∗m

where τm is the current shear stress that develops at a
given tensional regime and τ ∗m is the maximum shear
stress at failure, i.e. the minimum distance between the
Mohr circle and the failure envelope. A graphical in-
terpretation of the two coefficients is shown in Fig. 1.
The failure condition is reached whenever ψ = 0 and/or
χ = 0;

– reactivation of faults near the field (I3): pre-exisiting
faults crossing the field or located in its surroundings
may be reactivated due to the stress change variation and
induced (micro-) seismicity. The fault reactivation may
also be investigated through the Mohr-Coulomb failure
criterion (Labuz and Zang, 2012):

τ < τL = c− σn tanφ
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with σn and τ the normal and shear stresses, respec-
tively, acting on the fault surfaces, φ and c the fissure
friction angle and cohesion, respectively, and τL the
shear stress limit. When τ equates or exceeds the pre-
vious limit, the fault can slip. Moreover, in case of a
tensile normal stress, the fault can open;

– the hydraulic efficiency of the drainage network (I4):
surface movements due to pore pressure change in the
UGS reservoir modify the elevation of the land sur-
face above the UGS reservoir, possibly reducing the hy-
draulic efficiency of the natural and artificial drainage
network in the area. This could cause a higher risk
of flooding (less hydraulic safety) or the need for
larger system of pumping stations or water containment
basins, or embankment raise.

2.2 Safety factor definition

Because of the great economical interest to increase the
working gas volume as much as possible, UGS plans in Italy
generally consider the possibility of increasing the maximum
gas pore pressure at the end of the injection phase. For ex-
ample, in the Lombardia reservoir, which is a UGS field in
operation since 1987 in the sedimentary Po river basin, the
maximum pore-overpressure was planned to be pushed from
the current 103 %pi, where pi is the gas pore pressure prior
to the field development, to 107 %pi and, later on, possibly
till to 120 %pi. This would allow an increase in the stored
gas volume by approximately 65 % and 180 % relative to the
103 %pi storage value (Teatini et al., 2011).

In relation to the possibility of increasing the working gas
volume the geomechanical safety is evaluated by means of a
Safety Factor (SF) for each of the safety issue listed above.
SF is defined as follows as:

SF=
1pf

1p

where 1p is the planned reservoir pressure variation during
the UGS activities and1pf is the reservoir pressure variation
that reaches the failure condition, i.e. causes damages to sur-
face structures/infrastructures, fractures in the reservoir for-
mation and/or the caprock, fault reactivation, and unaccept-
able loss of hydraulic efficiency of the drainage network. The
larger than 1 SF is, the safer the planned UGS activities are
in relation to that specific issue.

The pressure distribution 1p, as provided by a 3D dy-
namic reservoir simulator (e.g., Eclipse) for the planned UGS
scenario, is increased through a multiplicative factor until
the “failure” condition (1pf) is reached, allowing to eval-
uate how far the project designed condition is from the above
limit. The geomechanical issues defined above are com-
puted with the aid of a 3D geomechanical model of subsur-
face where the reservoir is located and a 1D hydrological-
hydraulic model of the drainage network in the area above
the UGS field.

3 Case study

The proposed approach is applied to Romagna, a depleted
gas reservoir in Northern Italy converted to UGS. The
UGS project plans to increase the reservoir pressure up to
120 %pi.

3.1 Mathematical model

The stress and strain variations associated to the
UGS activities in Romagna were simulated using the
M3E_GEPS3D (Geomechanical visco-Elasto-Plastic
Simulator – 3D) simulator, an in-house developed code
(Gambolati et al., 2001; Janna et al., 2012; Spiezia
et al., 2017), presently maintained by M3E S.r.l.
(https://www.m3eweb.it/geomechanical-engineering/,
last access: 17 April 2020). The code is based on finite
elements (FEs) and interface elements (IEs). FEs solves
the equilibrium equations governing the deformation of the
continuous medium (Biot, 1941) and allows to compute
the stress field through appropriate constitutive relations.
IEs are implemented for fault discretization making use
of Lagrange multipliers (Franceschini et al., 2016, 2019).
The main parameters of the geomechanical model are the
reservoir stiffness of the porous medium E, the Poisson ratio
v, the fault cohesion c and friction angle φ.

From the hydrological-hydraulic point of view, the predic-
tion of the efficiency variation of the surface drainage net-
work possibly caused by the movements of the ground sur-
face due to UGS was simulated by means of the codes HEC-
HMS (USACE-HEC, 2010) and HEC-RAS (USACE-HEC,
2016) developed by the U.S. Army Corps of Engineers – Hy-
drologic Engineering Center.

3.2 Model set-up

The geometry of the geomechanical model is shown in Fig. 1.
The domain has an areal extension of 45×45 km with the Ro-
magna reservoir located in a central position. The 3D grid,
which is formed by nodes, tetrahedral, and IEs, was devel-
oped using the automatic grid generator TetGen (Si, 2008).
The domain is confined by the ground surface above and a
rigid basement 7 km deep below. It is discretized to accu-
rately reproduce the geological setting, e.g., the pinch-out
closures of the geological levels, the volumes of the miner-
alized pools, the GWC elevation and the geometries of the
aquifers hydraulically connected to the reservoir. The three
faults closest to the reservoir, and thus affected by a larger
stress perturbation during UGS activities, are included into
the geomechanical model (Fig. 2). Standard conditions with
zero displacement on the outer and bottom boundaries are
prescribed, while the land surface is a no-stress boundary.
The large modeling domain relative to the reservoir dimen-
sions assures that the disturbance does not reach the bound-
ary.
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Figure 2. Perspective view of the 3D finite element mesh used in
the geomechanical simulations.

Table 1. Mechanical properties of the faults derived from lab and
in-situ tests on the rock of the Romagna reservoir.

Scenario c (MPa) φ (◦)

conservative 0 30
realistic 0.02 34

The porous medium characterization is performed using
a constitutive relationship developed for the Northern Adri-
atic sedimentary basin by a statistical analysis of radioactive
marker measurements. The relation provides the oedometric
soil compressibility cM as a function of the effective vertical
stress σz (Baù et al., 2002, Ferronato et al., 2013). In partic-
ular, the “expected” cM relationship is used:

cM = 0.01004σ−1.1347
z

with cM in MPa−1 and σz in MPa. cM is related to soil stiff-
ness E and Poisson’s ratio through a well-known relation.
Larger values of cM, e.g., the 95 % upper bound provided
by the statistical data processing, were also used, but the
computed surface displacements were not consistent with the
available InSAR measurements on the reservoir area. For the
Poisson ratio, a value of 0.3 was used according to bibliogra-
phy data.

The fault mechanical characterization was performed ac-
cording to the results of lab tests carried out on reservoir and
caprock samples and in-situ MDT stress tests. In particular,
the two sets of values provided in Table 1 were used in the
geomechanical simulations.

A plane view of the hydrological-hydraulic model is
shown in Fig. 3. The hydrologic setting and the geometry of
the channels were defined according the data provided by the
“Consorzio di Bonifica della Romagna Occidentale” (2001).

Figure 3. Perspective view of 3D IE discretization of the three
faults located in the surrounding of the Romagna reservoir and in-
cluded into the geomechanical model.

Table 2. Safety factors for each geomechanical issue.

Issue Scenario SF

I1 conservative 4.0
I2 conservative 1.2

realistic 1.6
I3 conservative 4.0
I4 conservative 4.0

3.3 Numerical results

The results of the numerical analyses are summarised in
terms of safety factors in Table 2. The model outcomes re-
veal that the planned UGS program with a maximum over-
pressure at 120 %pi is safe, i.e., characterized by a Safety
Factor larger than 1 for all the geomechanical issue addressed
in the analysis. Issues I1, I3 and I4 are characterized by the
maximum possible value of SF, SF= 4. In fact, the reservoir
pressure cannot be increased to values larger than 180 %pi
since this would result in a non-physical situation where the
rock in the reservoir is subject to tensile stress (Fig. 5).

The most critical condition (the smallest SF) is obtained
in relation to the mechanical integrity of the reservoir forma-
tion (issue I2). However, even in the conservative scenario,
the pressure variation planned by the UGS activities is 20 %
lower than the critical condition (SF= 1.2).

4 Conclusions

A methodology for assessing the safety of UGS programs has
been developed using an approach derived from structural
design of buildings.
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Figure 4. Map showing the main hydraulic network (in blue) above
the Romagna reservoir (in red). The coloured areas highlight the
various hydrologic catchments.

Figure 5. Distribution of the vertical stress variation during stor-
age with p = 180 %pi in a vertical cross section of the 3D mesh
through the pools of the Romagna reservoir.

First, the main geomechanical issues have been delineated
and a definition of the safety factor for UGS activities has
been proposed.

Starting from the outcome of a dynamic reservoir simula-
tor for the planned UGS program in terms of pressure dis-
tribution, for each issue, the safety factor has been calcu-
lated with the aid of a 3D geomechanical model and a 1D
hydrological-hydraulic model.

The procedure has been then applied to the Romagna UGS
reservoir in the Northern Italy with a positive outcome in re-
lation to a possible UGS program at 120 %pi. The study has
shown how this procedure can be easily combined with the
classic geomechanical analysis to summarize and translate
advanced notions in terms commonly used in engineering.

This is a first attempt to facilitate understanding by Gov-
ernment control authorities and the Public opinion. Future
applications to other cases could provide the starting point
for safety guidelines development or updating.
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