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VEM application to
geomechanical simulations
of an Italian Adriatic offshore
gas storage scenario
The storage of natural gas in underground geological formations (UGS) has been widely adopted to guarantee a real-time response to the market requests as well as to ensure National
“strategic” reserves. In the recent past, the UGS and related technologies have been approached with increasing interest also in terms of CO2 sequestration and of large-scale storage
of chemical energy, with the potentiality in playing a fundamental role in the energy transition
process toward the de-carbonization goals.
In the context of the gas storage, both current regulations and public concerns call for geomechanical analyses to assess the safety of the infrastructures and the underground system and
the recently formalized Virtual Elements Method (VEM) has been showing promising results
to address such issue.
An extensive research project, involving multi-competences, dedicated to the implementation
of a VEM code able to face the geomechanical aspects related to oil&gas fields is under
development. The paper presents the VEM code simulation results of a realistic case study
representing a typical gas field in the Italian Adriatic offshore subject to UGS. The effects of the
production/injection operations, in terms of induced stress variations and consequent displacements, were calculated via the implemented VEM code and satisfactorily validated with the
solution obtained from a FEM commercial software.
Keywords: Underground Gas Storage, Virtual Elements Method (VEM), Geomechanical
Analysis, Numerical Simulation.

1. Introduction
The underground storage of natural gas is a worldwide solution
adopted to guarantee a real-time
response to the market gas requests, a high degree of elasticity in
the management of production
and transport structures, and the
maintenance of “strategic” reserves (Benetatos et al., 2020). It consists in seasonal and cyclical withdrawal and injection of natural gas
in geologic formations. UGS dates
back to the beginning of the last
century and since then, hundreds
of facilities have been developed
worldwide. Depleted gas and oil
reservoirs, deep saline formations, salt caverns and un-minable
coal beds are the favorite candida-

tes for safe geological storage of
natural gas.
From the last decades, the underground storage system and
related technologies have been
approached with increasing interest also in terms of CO2 sequestration and of large-scale storage of chemical energy. Strategies
for CO2 capture and permanent
storage have been developed to
reduce greenhouse gases in the
atmosphere and contrast climate change (Bocchini et al., 2017).
Chemical storage implies transforming electrical power into chemical energy in the form of H2,
which can then be used as such or
combined with captured CO2 to
produce green CH4 (referred to as
the gas-to-power technology).
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Based on the above, it is evident
that underground storage systems
can play a fundamental role in the
transition to a decarbonized and
more sustainable energy future.
In the context of gas storage,
both current regulations and public concerns call for geomechanical analyses to assess system
safety conditions in terms of stored gas containment, earthquake
hazard and subsidence magnitude
and extension. Given the extension and complexity of the system
in terms lithological, stratigraphical, and geometrical representation of the investigated volume,
rock heterogeneity, as well as the
involved multi-physic problems
(fluid-flow, geochemical, stressstrain, between the others), 3D
numerical multi-disciplinary techniques represent the best practice
to simulate the phenomena under
analysis.
For reservoir rock mechanics
simulations, the Finite Element
Method (FEM) is the reference
method (Jing & Hudson, 2002),
adopted by numerous commercial
softwares, such as: Geomechanics
(Schlumberger, 2020) and Diana
FEA (DIANA FEA, 2021). Even
though, the numerical methods
are constantly evolving to improve the stability and accuracy of the
solutions for specific application
problems. Recently, the virtual
element method (VEM) (Beirão
da Veiga, Brezzi, et al., 2013) has
been formalized and adopted in
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different field of investigation, as
it will be discussed later on in the
paper. The VEM derives from the
Mimetic Finite Difference method
(MFD) (Lipnikov et al., 2014) and
is considered a generalization of
FEMs because it overcomes some
limitations of the original method,
especially related to the shape of
the elements which constitutes
the discretized volume or the applicability to non-conforming
grids (Gain et al., 2014), thus allowing the presence of hanging
nodes and hybrid grids.
The goal of the research presented in the paper is the validation
of a Virtual Element Method code
recently developed in a wider research project involving multi-disciplinary competences (Berrone,
Borio, & D’Auria, 2021; Berrone,
Borio, D’Auria, et al., 2021). The
validation test was performed on
a realistic case study representing a gas reservoir in the Italian
Adriatic offshore. The investigation domain was selected also in
accordance with the growing interest for the future conversion of
this area into storage systems (for
example the Adriatic Blue project
by eni). Under the assumption of
linear-elastic domain, the VEM results, in terms of stress variation
and displacement due to fluid withdrawal/injection, were verified
via a commercial FEM solver dedicated to geomechanical simulations and typically used in the
oil&gas industry.

2. Considerations on the
mechanical behavior of
underground formations
experiencing ugs
Pressure changes induced in geological formations by fluid production and/or storage affect the
rock stress state and can induce
surface movements.
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Gas storage systems are usually
generated from the conversion of
exploited hydrocarbon reservoirs. During primary production,
the quasi-monotonic pressure
decrease occurring over decades
can induce formation compaction
(loading) according to a consistent
time-dependent behavior of the
sandy reservoir materials (Musso
et al., 2021). When a depleted reservoir is converted into a storage, it is initially refilled with gas;
this phase generates a pressure
increase and thus a decrease of
the effective stresses (unloading).
The subsequent cycles of gas withdrawal/injection (loading/
unloading) occur in the elastic
field, with a stiffer behavior than
in primary production. The simulation of the deformations induced by gas withdrawal/injection
cycles requires an appropriate
choice of the relevant parameters
by selecting the reference range
of strains of the process from lab
tests (Marzano et al., 2019; Rocca et al., 2019). Furthermore, the
transverse isotropy of the clastic
formations can affect their mechanical response during storage
cycles, as in the case of wellbores
(Deangeli et al., 2021; Deangeli &
Omwanghe, 2018; Parkash & Deangeli, 2019).
The UGS-related pressure variations due to the withdrawal/
injection phases affect the formation cyclically and over relatively
short periods (typically 5-7 months); consequently, seasonal and
cyclical ground movements can be
induced and detected. In details,
the gas production during winter
period induces an increase of the
effective stresses basically in the
reservoir formation and its compaction with a consequent subsidence at the ground level; instead,
the summer injection activities
induce a decrease of the effective stresses and the expansion of
the formation with a consequent
surface uplift. The behavior is

commonly referred as the ‘earth
breathing’ phenomenon.
Different researches focusing
on the storage systems located in
the Po Plain at around 1000-1500
meter-depth (Benetatos et al.,
2020; Codegone et al., 2016; Coti
et al., 2018) highlighted the consistency between the cyclical pressure variations affecting the reservoirs and the induced ground
movements acquired by InSAR
techniques. The mechanical answer of the investigated UGS systems was calibrated in terms of
induced ground movements, on
the basis of superficial movement
survey and of the geomechanical
data retrieved from well logs, in
situ tests and lab analyses. The
results indicated that the formations affected by gas injection/extraction behave nearly elastically,
in agreement with previous works
(Ferronato et al., 2013; Teatini et
al., 2011).

3. Numerical method
The Virtual Element Method
(VEM) is the latest evolution of
the Mimetic Finite Difference
(MFD), with various points of
contact with the Virtual Element
Method (FEM) so as to represent an important generalization
(Beirão da Veiga, Brezzi, et al.,
2013; Beirão da Veiga et al., 2014,
2016a, 2017). The key aspect of
this approach consists in preserving the polynomial accuracy that
is ensured on not necessarily convex polyhedral elements and in
the presence of hanging nodes.
Their innovative feature consists
in the use of a local approximation
space which includes polynomial
functions that do not have explicit expression (hence the name of
virtual elements). Indeed, explicit
integration of shape functions for
the stiffness matrix evaluation is
avoided, thus it is only necessary
Aprile 2022
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to carefully choose the degree of ΓN (top surface) and mixed ho- For the calculation of the polynofreedom of the elements where the mogeneous boundary conditions mial projection matrices, reference
solution is calculated to preserve implicitly supposed (eq. 3). The was made to (Beirão da Veiga et al.,
the method stability and accuracy. implemented VEM are of order 1 2014, 2016b) and for the solution
All this is possible by applying for convex polyhedra, therefore of the linear system the precondisuitable projection operators in the degrees of freedom coincide tioned conjugate gradient method
place of the unknown polynomial with the vertices of the element. was then applied (Saad, 2003).
functions for the determination The discrete local problem is
of the components necessary for expressed in eq. 4, ∀ νh ∈ Vh, where
the evaluation of the solution (Ah- Vh  vh  V : vh|E  VhE E   h and
mad et al., 2013). VEM have been  hh is a tessellation of Ω into di- 4. Case study
already employed to a variety of sjoint non-overlapping polyhedral
engineering problems such as li- elements E. The space VhE is defined The case study reported in the
near elasticity/inelasticity applica- in eq. 5, where H1(E) is the space Benetatos et al., 2017 paper was
tions (Beirão da Veiga et al., 2015; of functions having a square-inte- adopted to validate the VEM apBeirão da Veiga, F, et al., 2013) and grable gradient on E, ∂E indicates proach. The main info about the
fracture mechanics (Benedetto et the set of edges of the polyhedron, case study are summarized in the
al., 2018). In the context of geo- ℙ1(E) is the space of polynomials following; further details can be
mechanics, the implementation of degree lower than or equal to found in the reference paper. Inof VEM, although limited, has 1 and the symbol Π 10 indicates a formation about the geological
shown promising results. In par- suitable projection on the polyno- and structural characteristics, geoticular 3D compression has been mials of the VEM function, which logical and mechanical properties,
investigated by VEM over cor- can be calculated from the degre- production history of both onner-point and polyhedral grids de- es of freedom (details in (Ahmad shore and offshore Italian hydroscribing sedimentary formations et al., 2013; Beirão da Veiga et al., carbon fields were collected from
(Andersen et al., 2017a, 2017b). 2014). As the stabilization form is technical reports and public data.
Analysis was performed on the S(·,·), it is sufficient to choose the All the information was used to
accuracy of the solution respect to scalar product of the degrees of define a synthetic 3D model reprethe approximation of the bilinear freedom of the two involved fun- sentative of the off-shore Adriatic
form and of the loading term on ctions. As forcing term is imposed panorama. A simplified regiostructural complex geometries, to the variation of the pore pressure nal-scale stratigraphy consisting
the presence of cells with non-pla- (Δp) induced by the production/ of continuous and homogeneous
geological formations representanar faces and to the coupling with injection operations (eq. 6).
fluid flow simulations.
The research project has the
a( u, v ):  ( u ): ( v )d
aim to implement a VEM code
(1)
dedicated to the simulation of
the stress-strain response of deep
E
E
(  ) 

tr (  )
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tive of the Po Valley and Adriatic
regions was assumed. The reproduced gas reservoir is an axially
symmetric anticline trap at around
1500 meter depth, bounded by a
lateral aquifer. The hosting formation consists of a sandy interval,
100 m thick, belonging to the turbiditic sand-clay alternation. The
caprock is a 20 m continuous clay
layer belonging to the same turbiditic sequence (Figure 1).
For the scope of the present research, we adopted the multi-physics 3D numerical simulation approach used by (Benetatos et al.,
2017) to reproduce the domain
of investigation, to simulate the
induced pressure variation and
to evaluate the geomechanical
behaviour of the system (Figure
1). In particular, on the basis of
the same geological model, a sensitivity analysis was performed to
sufficiently extend its dimensions
so that the boundary effects on
the calculated solution by the numerical solvers of the geomecha-

nical problem can be considered
negligible. Additionally, we prolonged the fluid flow analysis considering not only a ten year primary production period but also
simulating successive gas storage
injection/production activities.
Figure 2.A shows the variation
of the average static pressure of
the system during the primary
production (t0 to t2), the re-pressurization period due to the lateral aquifer support (t2 to t3), and
the storage phase (t3 to t6). From
t1 on (t1 corresponds to the minimum static pressure recorded
during primary production) the
activation of the aquifer shows its
effects in term of system re-pressurization.
The spatial/temporal evolution
of the pore pressure obtained via
the multiphase flow simulation
represents the forcing function
applied to the geomechanical model. The geomechanical model was
adopted to simulate the evolution
of stress-strain field and of the ef-

fects in terms of induced sea floor movements via both FEM and
VEM methods. The mechanical
analyses of all the timesteps were
developed in the elastic domain,
the only constitutive law currently implemented in the VEM code.
Other constitutive models (such
as Mohr-Coulomb yield function)
are currently under implementation, and they will widen its application domain. To reproduce the
stiffer behavior of the formation
during the re-pressurization phase and the storage cycles (t2 to t6),
a Young’s Modulus value 3 times
the one assumed during the depletion phase (t0 to t1) was adopted (Codegone et al., 2016; Coti et
al., 2018).

5. Discussion
On the basis of the elastic hypothesis, the VEM and FEM geomechanical simulations were run only

Fig. 1 – (A) 3D numerical model for geomechanical simulations and (B) top geometry of the reservoir (modified from Benetatos et al.,
2017).
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Fig. 2 – (A) The static pressure evolution in time. Black markers are the geomechanical timestep of analysis. Comparison between VEM
and FEM results in terms of (B) vertical displacement at Cell#1 and (C) horizontal displacement at Cell#2.

Figure 5 refers to the effective
for the timesteps highlighted in average value, instead of the nodal
one. Two representative timesteps stress variation induced by a proFigure 2.
Figure 2 compares the evolu- of the storage phase were identi- duction cycle (from t4 to t5): (A)
tion of the punctual displacement fied for the comparison: t5, i.e. the and (C) show the distribution of
at sea floor (50 m below sea level), end of a production cycle, and t6, the horizontal and vertical effectiboth for the vertical (Figure 2B) i.e. the end of an injection cycle.
ve stress variation computed by
and horizontal (Figure 2C) comFigure 4 refers to the end of VEM code along a vertical section
ponents, and for each time step the production cycle, t5: (A) and throughout the reservoir. In (B)
of analysis. Two reference cells, (C) show the maps of the vertical and (D) the comparison between
Cell#1 and Cell#2, were assumed and horizontal displacements at the calculated VEM and FEM ef(Figure 3A): they correspond to the sea floor computed by VEM fective stress variation along the
the positions of the maximum code. In (B) and (D) the compari- VV’ vertical segment is displayed.
vertical and horizontal displace- son between the VEM and FEM
Figure 6 and Figure 7 are specular
ment, respectively. Due to the ra- results along the HH’ horizontal to Figure 4 and Figure 5 as they refer
to the injection cycle form t5 to t6.
dial symmetry of the system, only segment is plotted.
one cell is sufficient to describe the
horizontal components of the displacement.
VEM results were also shown in
terms of displacement and stress
distribution maps. Comparison of
the two solver solutions, instead,
are reported as trends along two
reference segments, the HH’ horizontal segment on the top surface and the VV’ vertical segment,
zooming on the reservoir (-1200
m to -2000 m) (Figure 3B). This
choice is constrained to the data
availability: indeed, FEM commer- Fig. 3 – (A) the positioning of Cell#1 and Cell#2 at the grid top and (B) vertical VV’ and
cial software exposes the centroid horizontal HH’ segments adopted for the comparison between VEM and FEM results.
Aprile 2022
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Fig. 4 – End of production cycle – timestep t5 – Vertical displacement: (A) map of the VEM results at the sea floor and (B) comparison
between the VEM and FEM results along HH’. Horizontal displacement: (C) map of the VEM results at the sea floor and (D) comparison
between the VEM and FEM results along HH’.

Fig. 5 – End of production cycle – timestep t5 – Variation of the horizontal effective stress: (A) distribution of the VEM results along
a vertical section throughout the reservoir and (B) comparison between the VEM and FEM results along VV’. Variation of the vertical
effective stress: (C) distribution of the VEM results along a vertical section throughout the reservoir and (B) comparison between the
VEM and FEM results along VV’.
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Fig. 6 – End of injection cycle – timestep t6 – Vertical displacement: (A) map of the VEM results at the sea floor and (B) comparison
between the VEM and FEM results along HH’. Horizontal displacement: (C) map of the VEM results at the sea floor and (D) comparison
between the VEM and FEM results along HH’.

Fig. 7 – End of injection cycle – timestep t6 – Variation of the horizontal effective stress: (A) distribution of the VEM results along a vertical section throughout the reservoir and (B) comparison between the VEM and FEM results along VV’.Variation of the vertical effective
stress: (C) distribution of the VEM results along a vertical section throughout the reservoir and (B) comparison between the VEM and
FEM results along VV’.
Aprile 2022
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In all the illustrated cases, a very
satisfactory agreement between
the VEM and FEM solvers is observed. Although the curvature
of the present anticline results in
non-planar cells at the reservoir
level prompting a possible source
of errors, VEM accurately reproduces the solution with negligible
discrepancy.

6. Conclusions
The paper presents the validation
of a Virtual Element Method code
performed on a realistic case study representing a gas reservoir in
the Italian Adriatic offshore. The
code has been recently developed
as part of a wider research project
involving multi-disciplinary competences and it applies the Virtual
Element Method in the elastic
domain to calculate the response
of stress-strain fields due to pore
pressure variation induced by hydrocarbon production and/or storage operations.
According to the 3D multi-disciplinary modelling approach, the
pore pressure evolution in a geological representative grid induced
by the primary gas production and
subsequent storage conversion
was simulated via a multiphase
flow software. The effects of the
forcing function (i.e. pressure variation) in terms of stress-strain
evolution is then calculated by a reference FEM approach (via a commercial software) and by the VEM
code. The comparison was developed in terms of effective vertical
and horizontal stress variations
along a representative vertical
segment, and of induced sea floor
displacements, both vertically and
horizontally, along a representative horizontal segment. The results
show an optimum correspondence
between the two approaches.
The present work represents the
first important step in the evolu-
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tion of the code toward a holistic
approach which will be able to
address rigorously the different
physics of the phenomenon under
investigation. In the next future, different constitutive models
will be implemented to properly
address the most common stressstrain behaviors exercised by hydrocarbon reservoirs during fluid
production/injection. Furthermore, the code will be tested in a more
complex geological/structural environmental involving also faults.
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