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INTRODUCTION

It is widely recognized that fossil fuel power plants will continue to play an important
role in the energy supply for a large number of countries in the decades to come. The implementation of suitable carbon capture and storage (CCS) technologies is an essential task to
meet the objective of reducing green house gas emissions into the atmosphere and obtaining
a sustainable power generation from fossil fuels. At present, carbon dioxide sequestration in
saline aquifers is indicated as one of the most promising techniques1 which, however, implies
a complex multidisciplinary effort involving a number of hydrological, geomechanical and
geochemical issues.
The Italian energy provider Enel S.p.A. is committed to building a CCS demonstration
facility in northern Italy, which will capture CO2 from the flue stream of the power plant,
then compressing, transporting and storing it into a saline aquifer. This is a large-scale
project which will demonstrate post-combustion CCS of 40% of the flue gas from one of the
three 660×106 W units of the existing Delta power plant being converted from heavy oil
fuel to coal. The post-combustion capture unit will separate about 1×106 ton/year of CO2 ,
that will be transported off-shore and injected into a deep saline aquifer. The project aims
at demonstrating the industrial application of CO2 capture and geological sequestration at
a full commercial scale. The plant will be operated for an extended period on the order of
10 years, to fully demonstrate the feasibility of the CCS technology on an industrial scale,
show the real CCS costs, and prove the retrofit option for high-efficiency coal fired units to
be built or converted in the next 10-15 years. The CO2 disposal will take place in the Rimini
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Figure 1: Location of the Rimini structure (green box) in the off-shore of the northern Adriatic Sea, Italy.
The green box also represents the areal extent of the flow model provided by OGS and IFPEN. The red
rectangle is the trace of the model developed for the geomechanical simulations.

formation beneath the Adriatic Sea seabed located at about 100 km south east of the power
plant (Figure 1) at an average depth of about 1500 m.
The current study has been carried out in collaboration with the Italian National Institute of Oceanography and Experimental Geophysics (OGS), which defined the geological
structure of the study area, and IFP Energies Nouvelles (IFPEN), which performed the
fluid-dynamic simulations. The model makes use of 3D structural non-linear Finite Elements
(FEs) and addresses the geomechanical safety of the sequestration with reference to the expected land uplift and potential related hazards, such as the injected formation integrity,
the caprock sealing capacity, the overland structure stability. The possible fault activation
is modelled with the aid of special Interface Finite Elements (IFEs), specifically designed for
the simulation of fault slippage and opening. The lithostratigraphy of the reservoir is quite
complex due to the presence of a number of faults and thrusts that partition the injectable
porous volume into different blocks, possibly disconnected from the hydraulic point of view.
Based on a detailed interpretation of a 3D seismic survey, the main geologic horizons and
faults/thrusts both in the injected unit and at the regional scale have been reproduced by an
accurate FE-IFE model of the porous medium. A hypoplastic constitutive law derived from
radioactive marker measurements made in the Adriatic Sea is selected for the geomechanical
characterization of the porous formation. The set of simulations is performed with CO2
injected at a rate of 1×106 ton/year through two vertical wells. A sensitivity analysis on the
parameters defining the yield surface, i.e. friction angle and cohesion in the Mohr-Coulomb
criterion, is performed to determine the time interval of safe injection in relation to any risk
of potential shear and tensile failure.
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2

GEOLOGICAL AND GEOMECHANICAL SETTINGS

A three-dimensional (3D) seismic survey, made available by the Italian national oil company Eni, has been processed by OGS to characterize the geological structure of the Rimini
formation. The OGS analysis allowed for the definition of several horizons, at both the
regional and the local scale, and revealed the presence of a very complex network of faults
and thrusts that subdivide the Rimini structure into several compartments. The structure
selected for the CO2 sequestration experiment is located in the northern Adriatic sedimentary basin, about 20 km off-shore Rimini (Figure 1) at a variable depth ranging between
1100 and 2500 m below m.s.l. within the Porto Corsini Formation.
The geomechanical properties of the basin have been extensively studied over the last 15
years2−3 . Generally, one-dimensional vertical strain of the fluid-bearing formation is assumed
and, as a major consequence, the vertical soil compressibility cM is considered to be the
most representative mechanical parameter controlling the rock behaviour. At present the
radioactive marker technique (RMT) has been used to define the geomechanical properties
of the northern Adriatic basin. The adopted constitutive equation is the following2−3 :
cM = 0.01241 × σz−1.1342

(1)

with cM in [bar-1 ] and the effective vertical stress σz in [bar]. Equation 1 provides the
behavior of the average expected compressibility cM versus σz in first loading conditions,
while rock expansion is controlled by cM in unloading/reloading conditions (II loading cycle).
A representative value2 of the ratio between loading and unloading/reloading cM at the depth
of interest is 3.5.
3
3.1

NUMERICAL MODEL
Geomechanical FE-IFE model

A tetrahedral FE mesh was preliminary generated based on information of the horizons
and thrusts of the Rimini structure provided at the regional scale. As shown in Figure 1, the
limits of the geomechanical model are prescribed far enough from the formation of interest so
that the boundary conditions of zero displacement do not interfere with the deformation field
induced by the fluid injection. In the present case, a model domain with an area extent of 50
× 50 km2 is selected, bounded on top by the traction free ground/sea surface provided by a
digital elevation model (DEM) and on bottom by a 10-km deep rigid basement. The domain
is centered on the Rimini structure. The final grid consists of 463,783 nodes and 2,868,292
elements (Figure 2). The peculiar feature of the Rimini structure is the complexity of faults
and thrusts, separating the volume selected for the CO2 sequestration into different blocks
disconnected from the hydraulic point of view, and whose implementation is a basic requirement for a reliable modeling prediction. The incorporation of these discontinuities into the
3D unstructured discretization of the geologic horizons has been performed using a discrete
3
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Figure 2: 3D mesh used in the geomechanical simulations. The colors are representative of the different
geologic units. (a) 3D FE grid, (b) vertical section of the domain through the Rimini structure, and (c)
enlargement of the volume where the 3D grid is more refined to accurately reproduce the different blocks and
the intervening faults/thrusts composing the Rimini structure. The trace of a few geologic discontinuities
are highlighted through red alignments.

fault analysis by an IFE approach4 . Fourteen faults/thrusts have thus been discretized by
50,789 IFEs.
3.2

Formation and caprock failure

Fluid injection into a geological reservoir generally increases the risk of shear and tensile
failures. It is fundamental to avoid any unwanted and potentially damaging effects induced
by injection pressure both within the injected and the sealing formation. Denoting by σ1
and σ3 the maximum and minimum principal stresses, respectively, two failure mechanisms
can be envisaged with the aid of a Mohr representation of the stress state:
• if the stress state is such that the Mohr’s circle touches the failure line a shear failure
may occur. The distance from such an occurrence can be measured by the safety factor
∗
∗
χ = 1 − τm /τm
, where τm = (σ1 − σ3 ) /2 and τm
= [c cosφ + (σ1 − σ3 ) sinφ/2] are the
current largest and maximum allowable shear stress, respectively, with c the cohesion
and φ the friction angle. Whenever χ becomes zero a shear failure is likely to occur;
• if the Mohr’s circle crosses the τ -axis a tensile failure takes place. The failure condition
is simply σ3 ≤ 0, with the safety factor ψ = σ3 /σ3,0 , with σ3,0 the undisturbed initial
principal stress. Similarly to χ, whenever ψ becomes zero a tensile failure is likely to
occur.
3.3

Fault activation

The Mohr-Coulomb failure criterion may also be applied to assess fracture stability5 , with
the possible reactivation of a pre-existing fault potentially occuring wherever the shear stress
τs and the normal stress σn acting on the fault plane do not satisfy the following bound:
τs < cf + σn tanφf
4
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with cf and φf the cohesion and the friction angle of the fault. When |τs | equates or exceeds
the right-hand side of (2) the fault can slip, with the generation of a possible path for the CO2
escape. Moreover, in case of a tensile normal stress the fault can even open. The normal and
shear stress acting on the faults depend on the pore pressure variation experienced by the
reservoir. Assuming faults that are not hydraulically conductive (as in the present study) and
almost vertical, during fluid extraction the reservoir compacts with σn generally decreasing,
while fluid injection induces the opposite effect. In fact, as the injected formation expands,
the normal stress acting on the sealing faults increases, thus generally reducing the risk for
the reactivation. Different qualitative considerations can be developed if, as in the Rimini
formation, the faults dividing the injected unit into hydraulically disconnected blocks are
characterized by a 30◦ – 45◦ slope with respect to the vertical direction. In fact, with this
setting the expansion of the porous medium at one side only of the discontinuity increase
the possibility of fault slippage.
4

NUMERICAL RESULTS

The geomechanical response of the Rimini structure has been obtained by a one-way
coupling approach where the pore overpressure as provided by IFPEN6 is transferred to
the geomechanical FE simulator GEPS3D, developed following the infinite pore pressure
gradient formulation7 . In particular, an ad hoc code has been implemented to project the
pore pressure change as computed by the structured finite-difference grid of the flowdynamic
TM
simulator Coores into the source of strength used as input in the unstructured tetrahedral
TM
FE mesh of GEPS3D. The pressure assigned to each tetrahedron is the one of the Coores
finite-difference cell that incorporates the centroid of the former. It has been verified that
the above procedure allows for a satisfactory reproduction of the pore pressure field in the
geomechanical model although abrupt changes occurring at a very local scale are partially
filtered out.
Two options have been explored for the initial pore pressure distribution, namely a hydrostatic and a 50 bar overpressured (at the Rimini structure depth) configuration, corresponding to a normally consolidated and a partially consolidated formation, respectively.
Moreover, concerning the failure criterion, as no direct measurements are available to characterize the yield surface of the Rimini formation and the overlying caprock, no cohesion
(c = 0 bar) and a friction angle φ = 30◦ are conservatively assumed at first, i.e. typical
values suggested in the literature for sandstone8 . In the second stage, a sensivity analysis
has been performed on c and φ to evaluate the importance of these assumptions: c is varied between 0 and 10 bar, which are plausible values as shale is largely present within the
injected formation, and φ from 25◦ to 35◦ , which are the bounds of the friction angle range
for sandstone8 .
Figure 3 provides the results in terms of ψ distribution after 7 years from the beginning
of CO2 injection. The plotted box comprises the two injection wells and the majority of
5
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Figure 3: (a) portion of the FE grid where the stress field generated by the CO2 injection is investigated.
The thrusts and faults are shown with different colors. FE where the safety factor ψ ≃ 0, i.e. tensile failure is
likely to occur, in the selected portion of the Rimini structure after 7 years injection assuming a hydrostatic
pore pressure distribution (b) and a 50 bar initial overpressure (c), respectively. (d) Comparison between
the maximum allowed overpressure (continuous black profile) and the expected overpressure distribution at
one injection well (coloured profiles) at different times of CO2 injection6 .

the faults and thrusts that characterize the Rimini structure (Figure 3a). After 7 years
there are few elements around the well intakes (Figure 3b and 3c) where ψ ≃ 0, i.e. tensile
failure is likely to occur. This agrees well with the flow-dynamic outcome given in Figure 3d,
showing the comparison between the computed and the maximum allowed overpressure as
derived from in situ measurements: the limiting pressure is achieved between the 6th and the
7th year at the well bottom, approximately 1800 m below m.s.l.. Inspection of Figures 3b
and 3c points out that a 50 bar higher initial pressure increases the volume where ψ ≃
0. If only a couple of elements at the well intakes are likely to fail with an hydrostatic
regime, a well-defined region all around each borehole may experience this condition when
the initial pore pressure is significantly larger. As to shear failure, Figure 4 reports the
elements approaching the yield surface for 9 values of the pair (φ,c). Only a relatively large
cohesion has a significant impact. If c = 10 bar the medium that is likely to fail by shear
stress is restricted to the vicinity of the wells. A cohesion of a few bar does not change
appreciably the outcome relative to c = 0 bar. Moreover, a reduction of the friction angle
of 5◦ only is responsible for a shear failure in almost all the injected formation. By contrast,
6
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Figure 4: FEs where the safety factor χ ≃ 0 within the same domain shown in Fig. 4a. Each subpannel
provides the distribution for different values of the cohesion c and the friction angle φ.

if φ is increased to 35◦ the volume that is likely to fail reduces but remains sufficiently large
to jeopardize the safety of the sequestration. Only in the least conservative case, i.e. c = 10
bar and φ = 35◦ , the injection can safely be performed for 7 years, while 4 years appears to
be the safe injection period irrespective of the c and φ values.
Similarly to the injected formation, the stress state and the safety factors ψ and χ have
been calculated in the caprock sealing the Rimini structure, with the results after 4 years
of CO2 injection highlighting that the safety factors remain practically unchanged with no
risk of caprock failure. As to the activation of the Rimini faults and thrusts, assuming all
discontinuities cohesionless with φf = 30◦ , the results provided by GEPS3D after 4 years
points out that no faults open and that very few scattered elements start to slide. The sliding
amount is everywhere negligible. The pore pressure rise in the Rimini structure due to the
CO2 sequestration is responsible for an expansion of the injected formation and, as a major
consequence, of the uplift of the sea bottom/ground surface, totaling to 0.1 m after 4 years.
5

CONCLUSIONS

The present work is concerned with the geomechanical simulations performed to investigate the safety of the CO2 sequestration in the Rimini comparted structure as a part of
a large scale CCS project in Italy. The planned injection rate is 1×106 ton/year from two
boreholes. Three major issues have been addressed with the aid of a 3D structural non-linear
FE model supplemented by IFEs to account for the presence of faults and thrusts, i.e. the
integrity of the injected formation and the caprock, the activation of existing discontinuities,
and the displacements of the ground surface/sea bottom. A sensitivity analysis has also
7
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been carried out for the most uncertain parameters, i.e. the cohesion and friction angle of
the yield surface, and the initial pore pressure distribution. The results emphasize possible
shear and tensile failure of the Rimini structure due to injection overpressure. Shear failure
in large portions of the reservoir is likely to occur well in advance to tensile failure. The
period of safe injection from the geomechanical point of view is generally shorter than that
envisaged by fluidynamic modeling. Moreover, faults/thrusts inclined to 30–45◦ relative to
the vertical direction and bounding the reservoir partitions where CO2 is injected are likely
to be activated as a major consequence of the decrease of the effective stress.
Acknowledgements: the authors are indebted to Enel S.p.A., OGS and IFPEN for providing the basic input used to perform the geomechanical simulations.
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measurements to evaluate compaction in the Northern Adriatic gas fields. SPE Reserv.
Eval. Eng., 6, 401–411, (2003).
[4] M. Ferronato, G. Gambolati, C. Janna and P. Teatini. Numerical modeling of regional
faults in land subsidence prediction above gas/oil reservoirs. Int. J. Numer. Anal. Methods Geomech. 32, 633–657, (2008).
[5] J. Rutqvist, J. Birkholzer, F. Cappa and C-F. Tsang. Estimating maximum sustainable
injection pressure during geological sequestration of CO2 using coupled fluid flow and
geomechanical fault-slip analysis. Energy Conv. Manag. 48, 1798–1807, (2007).
[6] D. Bossie-Codreanu and O.Vincke. Private communication. IFP Energies nouvelles,
(2011).
[7] G. Gambolati, M. Ferronato, P. Teatini, R. Deidda, and G. Lecca. Finite element analysis of land subsidence above depleted reservoirs with pore pressure gradient and total
stress formulations. Int. J. Numer. Anal. Methods Geomech., 25(4), 307–327, (2001).
[8] E. Fjaer, R. H. Holt, P. Horsrud, A. M. Raaen and R. Risnes. Petroleum Related Rock
Mechanics. Elsevier, 2nd edition, (2008).

8

