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Guidelines for the study
of subsidence triggered by
hydrocarbon production

This study was carried out by the SEADOG Research Center at Politecnico di Torino (ltaly). The pur-
pose of this work was to evaluate which complexity degree would be required to reliably approach
a subsidence study for different scenarios. The study was based on sensitivity analyses which were
performed using a series of 3D synthetic numerical models of which the structural characteristics
and geological and mechanical properties were based on available public data of onshore and
offshore hydrocarbon fields in Italy. An array of simulations, both one-way and two-way coupled,
were carried out to assess the magnitude and extension of subsidence potentially induced by hydro-
carbon production. The results allowed the calculation of subsidence indices defined as the rate
of compaction propagation (ie, the ratio between the maximum surface displacement and the
maximum reservoir compaction) and as the rate of volume loss (i.e. the ratio between the volume
of the subsidence bow! or cone and the volume variation of the reservoir). These indices together
with the degree of the underground systems’ heterogeneity led to the definition of the Intact Rock
Qudlitative Subsidence Index (IRQSI), upon which the needed complexity degree of a subsidence
study can be discerned.

Keywords: subsidence, compaction, hydrocarbon production, safety, mechanical analysis, intact rock.

Linee guida per lo studio della subsidenza indotta dalla produzione di idrocarburi.
Questo studio & stato condotto dal Centro di Ricerca SEADOG presso il Politecnico di Torino (ltalia).
Lo scopo del presente lavoro € stato quello di valutare il grado di complessita opportuno per affron-
tare uno studio di subsidenza in modo affidabile. Lo studio & stato basato su andlisi parametriche
eseguite implementando una serie di modelli numerici sintetici tridimensionali le cui caratteristiche
strutturali e le cui proprieta geologiche e meccaniche sono state ricavate sulla base di dati pubblici
relativi a giacimenti di idrocarburi a terra e a mare ubicati in Italia. Le simulazioni, condotte con
approccio sia di tipo one-way coupling sia di tipo two-way coupling, hanno permesso di valutare
l'entita e l'estensione del cono di subsidenza potenzialmente indotta dalla produzione di idrocarburi.
Grazie ai risultati ottenuti & stato possibile calcolare gli indici di subsidenza, definiti come il tasso di
propagazione della compattazione (cioe il rapporto tra lo spostamento superficiale massimo e la
massima compattazione del giacimento) e il tasso di perdita di volume (cioe il rapporto tra il volu-
me del cono di subsidenza e la variazione di volume del giacimento). Questi indici, insieme al grado
di eterogeneita dei sistemi sotterranei, hanno portato alla definizione dell’Indice di Subsidenza Qua-
litativo della Roccia Integra (IRQSI), in base al quale & possibile discriminare il grado di complessita
necessario per valutare la subsidenza in funzione delle caratteristiche del sistema oggetto di studio.
Parole chiave: subsidenza, compattazione, produzione di idrocarburi, sicurezza, analisi meccanica,
roccia integra.

1. Introduction Hydrocarbon production induces

a pressure variation in the reservoir

The aim of this paper is to provide
criteria for the forecast of subsiden-
ce induced by hydrocarbon produc-
tion — or storage — by the definition
of guidelines, particularly in relation
to the Italian offshore context. The
study was carried out by the SEA-
DOG Research Center at Politec-
nico di Torino within the activities
regarding the assessment of offshore
safety.

and the surrounding aquifer, when
present, which in turn triggers com-
paction of the reservoir rocks; this
compaction propagates to the sur-
face through the overburden rocks
and causes subsidence. Vertical di-
splacements at the surface define
a subsidence bowl or cone (Fjar et
al., 2008), which can be defined ge-
ometrically in terms of maximum
vertical displacement and radius;
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the latter marks off the area beyond
which surface displacement is null or
negligible.

The scope of this work was to
assess which degree of complexity
would be required to approach a sub-
sidence study under different scena-
rios and which parameters are more
critical to achieve reliable results.
The study was based on the execu-
tion of sensitivity analyses which
were made using an array of 3D syn-
thetic numerical models. The nu-
merical models were defined on the
basis of the available information
about the geological and geometric
characteristics and of the production
history of both onshore and offshore
[talian hydrocarbon fields. This in-
formation was collected from tech-
nical reports and public data and
organized into a comprehensive da-
tabase; then, it was used to define a
reference regional-scale stratigraphy
(up to 5 km deep), representative of
the Po Valley and Adriatic regions,
as well as an appropriate range of va-
lues for the most relevant rock pro-
perties.

The assessment of induced subsi-
dence for different scenarios was pos-
sible by the use of the finite element
numerical method (FEM) imple-
mented in a software. The coupling
between fluid-dynamic and geome-
chanical analysis was carried out
with an explicit approach (also called
one-way coupling) (Tran et al., 2005)
in which pressure variations induce
changes in the stress state and defor-
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mation of the porous medium, but
the latter does not affect the dynamic
response of the system. Simulations
with an iterative (two-way coupling)
approach (Tran et al., 2005) were also
carried out to evaluate the combined
effects of porosity (thus volume) and
permeability variations.

2. Database

Information regarding the struc-
tural, geometric, lithological, pe-
trophysical and mechanical cha-
racteristics of nearly 250 Italian

hydrocarbon fields (Figure 1) and
information related to their produc-
tion history was derived from tech-
nical reports, scientific publications
and well logs at 1:1000 scale availa-
ble on the UNMIG website (Ufficio
Nazionale Minerario per gli Idrocarburi
e le Georisorse — VIDEPI project @
http://unmig.sviluppoeconomico.
gov.it).

All the information was integra-
ted into a comprehensive databa-
se and used to define synthetic 3D
models representative of the most
common Italian reservoir forma-
tions. Qualitative and quantitative
information was used to (1) iden-

Onshore fields
Offshore fields

Fig. |. Location of examined Italian offshore and onshore fields.
Posizione dei campi italiani offshore e onshore andlizzati.
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tify a suitable range of values for the
geometric characteristics and for
the petrophysical and mechanical
properties, (2) select a set of strati-
graphic sequences representative of
the Italian setting, and (3) set up the
input of the numerical geomechani-
cal simulations carried out to assess
subsidence induced by hydrocarbon
production. The study refers to gas
reservoirs because most Italian reser-
voirs are gas-bearing.

3. Considerations on faults

During the operations of fluid
production or injection, pressure
and stress state of the hydrocarbon-
bearing formation and surrounding
rocks is altered. Structural discon-
tinuities can have an impact on
pressure and stress distribution and
thus on subsidence phenomena. Fur-
thermore, faults and fractures could
potentially be reactivated by a varia-
tion of normal and shear stresses.

A systematic assessment of the
impact of faults and fractures on sub-
sidence phenomena was not possible
because discontinuities represent he-
terogeneities which may or may not
exist in rocks and if present should
be characterized in terms of geome-
try, orientation, mechanical cha-
racteristics. Faults are conventional-
ly defined as discontinuity surfaces or
narrow zones with detectable shear
displacement (Fossen, 2010; Davis
etal., 2012); however, in nature they
often consist of fractured rock mate-
rial, they can include subsidiary brit-
tle structures and have a thickness
that can vary both laterally and ver-
tically (Childs et al., 2009; Fossen,
2010; Matonti et al., 2012; Choi et
al., 2016). In general faults have high
internal heterogeneity and comple-
xity and are typically characterized
by mechanical and petrophysical
properties that differ from the sur-
rounding intact rocks and that can
strongly vary even along the same
fault segment according to the litho-
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logical/structural characteristics and
internal complexity of the deforma-
tion zone (Scholz, 1987; Fischer and
Knipe, 2001; Fredman et al., 2007;
Faulkner et al., 2010).

Reactivation of existing discon-
tinuities induced by hydrocarbon
production or injection was out of
the scope of this work. However, it
is worth mentioning that the reacti-
vation models proposed in the lite-
rature usually assume that the fault
correspond to a discontinuity plane
consisting of two contact surfaces,
and shear strength is described with
Coulomb’s criterion, without consi-
dering the contribution of cohesion.
In spite of the simplicity of Cou-
lomb’s criterion one of the uncer-
tainties found in the analysis of fault
reactivation is the value of the fric-
tion angle. In fact, the friction angle
represents a phenomenological pa-
rameter, which takes into account
all the complex characteristics and
behavior exhibited by faults during
shear processes. The values of the
friction angle in laboratory tests are
affected by the scale effects affecting
strength when going from decime-
tric surfaces to large natural surfaces
on site. Byerlee (1978) analysed the
results of shear tests carried out on
discontinuities in rocks of various li-
thologies and concluded that at high
normal stresses the friction angle is
independent of the type of rock. Ba-
sed on these studies, the scientific
literature indicates that the friction
angle of a fault is likely to be between
30° and 40°. However, the presence
of illite and montmorillonite can si-
gnificantly reduce shear resistance.

For the reasons outlined above
the formation was considered as in-

tact rock material (Brady & Brown,
2004).

4. Subsidence modelling of
intact rocks

An array of 3D models was defi-
ned to carry out the simulations. The

Dicembre 2017

characteristics of the models, such as
the regional stratigraphy, the reser-
voir/caprock lithology and geomet-
ry, the petrophysical and mechanical
rock properties, were defined on the
basis of the information integrated
into the database.

4.1. Geological sequence

The regional stratigraphic setting
was reconstructed by cross-referen-
cing the available scientific and
technical literature (Pieri & Grop-
pi, 1981; Casero, 2004; Carruba et
al., 2006; Bertello et al., 2008, 2010;
Ghielmi et al., 2010, 2013; Vezzani
et al., 2010; Casero & Bigi, 2013;
Cazzini et al., 2015). A simplified re-
gional-scale stratigraphy consisting
of continuous and homogeneous ge-
ological formations representative of
the Po Valley and Adriatic regions
was assumed.

The reference geological sequen-

GEAM.

ce extends 5 km in the depth from

the seabed (set at 50 m ss) and inclu-

des from top to bottom (Fig. 2):

1. an interval of mostly sandy layers
representing the late Pliocene —
Quaternary marine-delta and the
overlying recent marine deposits
(average thickness: 450 m);

2. an interval of alternating sand
and clay layers representing the
Pliocene turbiditic sequence
(average thickness: 1500 m);

3. an interval of marl representing
the middle Eocene — late Mioce-
ne outer platform and slope depo-
sits (average thickness: 1000 m);

4. an interval of carbonate deposits
representing the early Triassic —
Jurassic dolomite and the early Ju-
rassic — middle Eocene limestones
(average thickness: 2000 m).

The reservoir is represented by a
sandy natural-gas bearing interval,
100 m thick, belonging to the turbi-
ditic sand-clay alternation. The ca-
prock consists of a 20 m continuous

Depth Lithology
Oom
- 50 m [P
e _ Mostly
-] sand
Alternating
-, Shale _layers
_. {caprock) | of sand
: and shale
? nd
_______________ reservoir)
= 2000 ™ Ju—— == ===~ === ===
'''''''''''''' _Mostly
o = marl
-3000m e
E Fig. 2. Schematic stra-
= _ tigraphy (not to sca}le)
E _Limestone of the 3D geological
femoes : and model.
Come 5 dolostone  scpemg  stratigrafico
& (non in scala) del model-
e 2 lo geologico 3D.
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clay layer belonging to the same tur-
biditic sequence.

4.2. Geometric modelling and
characterization

The model dimensions were such
to properly describe the reservoir and
the surrounding volumetric aquifer
(which varied in the different exami-
ned scenarios) and to guarantee that
undisturbed boundary conditions
could exist. As a consequence, mo-
del dimensions were set horizontally
in the order of dozens of kilometers
(as in the example Figure 3) and the

overall thickness was 5 km.

The reservoir embedded in the
model is located in an axially sym-
metric anticline trap (as in the
example Figure 4) and is characte-
rized by average values of the petro-
physical and mechanical parameters.
However, reservoir size was modified
to include sensitivities on the vo-
lume of hydrocarbons originally in
place. The aquifer is bounding the
reservoir laterally when present.

A 10-year field production histo-
ry was simulated for all studied cases
to induce pressure disturbance and
to reach a final gas recovery factor
equal to 65%.

Fig. 3. Example of 3D numerical model for geomechanical simulations.
Esempio di modello numerico 3D per simulazioni geomeccaniche.

1000 m
Fig. 4. Top geometry of the reservoir.

Geometria del top del giacimento.

ENVIRONMENT

Several constitutive models have
been proposed in the literature for
the prediction of compaction and
subsidence, from the simple linear
elastic law to the elasto-plastic and
visco-elasto-plastic laws.

The most general and frequen-
tly used failure criterion is Mohr
Coulomb (Fjer et al., 2008). Fur-
thermore, the Modified Cam Clay
model (Roscoe & Burland, 1968),
specifically formulated for clays, has
been used over the last years for the
analysis of the mechanical response
of sedimentary rocks (e.g. Cuss et al.,
2003; Capasso & Mantica, 2006; Fir-
me et al., 2014).

Even though the Mohr Coulomb
elasto-plastic model is undoubtedly a
very simple law, it has the advantage
of requiring only the knowledge of
cohesion, friction angle and elastic
parameters of the rock. Since this
study had a practical purpose, i.e. the
assessment of the complexity degree
required to approach a subsidence
study and of the parameters having
a major impact on results, the stress-
strain response of the formations was
investigated using a yield function
represented by the Mohr-Coulomb
failure criterion. Simulations adop-
ting the Modified Cam Clay model
with different OCR values were car-
ried out to evaluate the differences
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with the Mohr-Coulomb failure cri-
terion only for a subset of cases for
comparison purposes.

Mechanical simulation results
refer to maximum variation of the
formation static pressure (or deple-
tion) which, under the assumption
of a homogeneous and isotropic po-
rous medium and in the absence of
viscous deformation (or creep), re-
presents the most critical condition
for subsidence (Hettema, 2002).

The compaction coefficient
(or uniaxial compressibility), C,,,
changes with depth. For the North
Adriatic formations the uniaxial
compressibility, C,,, is correlated to
the effective vertical stress (¢”,) ac-

cording to (Bau et al., 2002):
C,,=1.0044- 1026, L1347 [MPa1] (1)

The uniaxial compressibility is re-
lated to the static Young’s modulus,
E’,, and to Poisson ratio, v', by the
following:

(T+v)(1-2V"
-V

C

1 :

Consequently, in the numerical
analyses for subsidence evaluation,
the static Young’s modulus (E’;) of
the sand-clay sequence was defined
by combining eq. (1) and eq. (2):

B (L+v)(1-2v)

100441026/, 147

The numerical analyses were also
made considering a dynamic Young's
modulus (E’;) defined by the inter-
pretation of well logs (both density
and sonic). Moreover, a sensitivity
analysis was performed accounting
for the variation of Young’s modulus
as a function of the axial strain (E’ =
f(g,)) (Jardine et al., 1986).

Young’s modulus of other forma-
tions (marine sands, marl and car-
bonates) were defined on the basis
of data available in the literature
(Fjaer et al., 2008; Lancellotta, 2004)

as well as the authors’ knowledge.

Dicembre 2017

For the Poisson’s coefficient typical
values for rocks and soils were used

(Gercek, 2007).

4.3. Simulations

The simulations were performed
to investigate the impact of geolo-
gical and mechanical parameters on

GEAM,

the production-related subsidence.

The geological parameters descri-
be the geometric characteristics of
the reservoir (depth, shape, volume)
and of the aquifer, when it is present
(radius) (Figure 5; Table 1).

The mechanical parameters (Ta-
ble 1) include the strength (c’, @)
and deformation (E’, V') properties
of rocks and soils, the initial stress

~ Volume

Rag

»'

.

Fig. 5. Scheme of the geometric variables. H,.: total thickness of the hydrocarbon-
bearing formation; Ry.: reservoir radius; R,q: aquifer radius; d: depth.

Schema delle variabili geometriche. H ., spessore totale della formazione mineralizzata;
Rres: raggio del giacimento; R, raggio dell acquifero; d: profondita.

Tab.l.Analysed parameters and intervals.

Parametri analizzati e relativi intervalli indagati.

Parameters Interval Units
Depth [d] 300-3500 m
Shape factor[H /R ] |0.01-0.10
Geological S
Volume [V] 08-214 107 m3
Aquifer [Ry/Reeq] 1-20
17 (€969 (€4
Young's Modulust) [E]  |E'=1(g,) GPa
(g, = vertical deformation)
020-045
Poisson's coefficient [V] V' =f(z.y)
(z = depth; y = lithology)
Mechanical | - pegion 1 [c] 06-12 MPa
Friction angle() [] 30-38 °
» . 0.6 + (100 m)/z-0.5 + (1500 m)/z
Initial stress ratio [K] (z = depthin m)
Coupling degree [A] NO;A =12-10

()Values referred to reservoir only
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(lateral stress coefficient, K) (Brown
& Hoek, 1978) and the interaction
coefficient (A) between petrophysi-
cal properties and compressibility
in coupled simulations. In particu-
lar the interaction coefficient (A)
correlates permeability variations
to porosity (and thus to volume) va-
riations according to (Petunin et al.,

2011):
A

k_[o

E: % (4)

where k is permeability, ¢ is porosity
and kg e ¢y are the initial permeabi-
lity and porosity, respectively. The
exponent A can vary depending on
the lithological and mechanical cha-
racteristics of the rock. In the case of
sandstones A ranges between 2 and
10 (Santos et al., 2014).

Once the range of the geological
and mechanical parameters was de-
fined, the simulations were perfor-
med.

Moreover, in order to evaluate
the impact of geological hetero-
geneity on subsidence, sensitivity
analyses were performed to simu-
late complex geological scenarios
and/or characterized by significant
lithological/stratigraphic differen-
ces. Some of the geological scena-
rios with different characteristics of
the reservoir, caprock and overbur-
den rocks are shown in Figure 6. In
particular a Young’s modulus equal
to 40 and 50 GPa was adopted for
marly and carbonatic reservoirs, re-
spectively.

4.4. Subsidence indices

Downward vertical displacements
induced by hydrocarbon production
are typically maximum at the top of
the reservoir (compaction pheno-
menon) and are gradually reduced
towards the surface (subsidence phe-
nomenon). Vertical displacements
(one-dimensional effect of subsi-
dence) are associated with volume

90
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REGIONAL STRATIGRAPHY

Mostly sand -

Alternating
layers

of sand

and shale

Mostly marl -

Limestone
and
dolostone

BASE CASE

Allochthon

Marly reservoir Carbonatic reservoir
and caprock and caprock

Fig. 6. Schematic examples of the stratigraphy (not to scale) for different geological

scenarios. R: reservoir; A: allochthon.

Esempi schematici della stratigrafia (non in scala) per diversi scenari geologici. R: reservoir;

A:alloctono.

variation (three-dimensional effect
of subsidence) which similarly are
maximum at the reservoir and redu-
ce toward the surface (Figure 7).
Subsidence phenomenon calcu-
lated through numerical models im-
posing triaxial loading conditions,
was described by means of two sub-
sidence indices. The first index is
the Compaction Propagation Rate

Maximum Volume

subsidence loss at the
52 ‘ surf!ace

}

Maximum
compaction
1 Volume

loss in the
reservoir

Fig. 7. Compaction and subsidence (adap-
ted from Fjeer et al, 2008).
Compattazione e subsidenza (modificata
da Fjeer et al, 2008).

(CPR) and it is expressed by the ra-
tio between maximum surface ver-
tical displacement and maximum
compaction of the reservoir, as first
investigated analytically in oedome-
tric loading conditions by Geertsma

(1973a, b):

Maximum vertical

CPR - displacement at the surface

Reservoir compaction

The second index is defined as
Volume Loss Rate (VLR) and it is
the ratio between volume variation
caused by subsidence (i.e. volume
of subsidence bowl) and the volume
variation generated by compaction
of the hydrocarbon-bearing forma-
tion:

Volume loss at the surface

VLR =

Reservoir volume loss

The reservoir volume loss was cal-
culated considering the rock portion
which undergoes pressure variation
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during production, that is, the gas-
bearing interval and the aquifer con-
nected to it, when present.

If the effect of compaction does
not propagate towards the surface,
CPR and VLR will be zero. Conver-
sely, when reservoir compaction pro-
pagates entirely to the surface and
generates a subsidence of the same
entity, then CPR and VLR assume
unit values; in some cases subsiden-
ce/compaction ratio as well as the
ratio between the volume of the sub-
sidence bowl and the reduction in
reservoir volume may be even higher
than 1.

Note that the indices only refer
to vertical displacements and do not
include horizontal displacements
and/or differential displacement.
The reason being that the indices
are meant to provide an indica-
tion of the severity of subsidence.
Needless to say, should the indices
indicate that subsidence is signifi-
cant, horizontal displacements and
differential displacements should
be evaluated to assess their poten-
tial impact on existing structures or
infrastructures.

a)

4.5. Results

Hydrocarbon production gene-
rates a variation of the stress condi-
tions and thus deformations.

In Figure 8 and Figure 9 two
examples of the calculated compac-
tion and subsidence maps are given
for a symmetric and an asymmetric
anticline respectively (reference
data: d = 1500 m; H,. /R, = 0.05;
V =43 10° m>; no aquifer; E’ = 1.7
GPa; v' = 0.3; ¢’ = 0.9 MPa; ¢’ = 34°%
K = 0.8; one-way coupling).

The results of the numerical runs
adopting the Mohr-Coulomb crite-
rion indicated that the behaviour of
the reservoir rock, in the range of
the investigated strength parame-
ters (¢’ and @), is elastic. It should
be said that Young’s modulus has
a significant impact on the extent
of the subsidence but not on the
evolution of the stress state, while
strength parameters define failure
conditions but do not affect sub-
sidence phenomena under elastic
conditions. Finally, Poisson’s coef-
ficient influences the evolution of
both subsidence and stress induced
by production.

Normalized
vertical
displacement (-)

1.0
i 0.9
1 0.8
-0.7
‘ 0.6
r0.5
-04

0.3
0.2
0.1

&

0 250 500 750 1000 1250m
| 5 — — |

1:35000

Reservoir compaction propagates
to the surface and induces subsiden-
ce, the intensity of which can be ac-
counted for by the two subsidence
indices described above. It should
be noted that the volume loss at the
surface showing in VLR (eq. 6) was
evaluated setting a threshold on the
minimum detectable vertical displa-
cement.

Even if different compaction
and subsidence would be obtained
if adopting the Modified Cam Clay
model and/or a two-way coupled ap-
proach, as verified with the additio-
nal simulated cases, the calculated
subsidence indices are representative
to assess whether any critical situa-
tion might arise due to hydrocarbon
production from reservoirs. Therefo-
re the analysis of the variation range
of the two indices for the examined
scenarios (Table 1) allowed the defi-
nition of a qualitative reservoir clas-
sification, as reported in Table 2.

Based on the indices analyses, re-
liable forecast of subsidence requires
detailed reservoir modelling as well
as an accurate reconstruction of the
structural and stratigraphic setting
of adjacent formations, especially

Fig. 8. Example of calculated compaction (a) and subsidence (b) maps for a symmetric anticline.Vertical displacements are norma-
lized wrt the maximum reservoir compaction.
Esempio di mappe di compattazione (a) e di subsidenza (b) ottenute dal calcolo numerico per un'anticlinale simmetrica. Gli spostamenti
verticali sono normalizzati rispetto alla massima compattazione del giacimento.

Dicembre 2017

91



a)

Normalized
vertical
displacement (-)
1.0
:0.9
-0.8
-0.7
0.6
05
-0.4

0.3
0.2
0.1

500 1000 1500 2000m

1:40000

ENVIRONMENT

Fig. 9. Example of calculated compaction (a) and subsidence (b) maps for an asymmetric anticline. Vertical displacements are nor
malized wrt the maximum reservoir compaction.
Esempio di mappe di compattazione (a) e di subsidenza (b) ottenute dal calcolo numerico per un‘anticlinale asimmetrica. Gli spostamenti
verticali sono normalizzati rispetto alla massima compattazione del giacimento.

Tab. 2. Reservoir classification based on subsidence indices.
Classificazione dei giacimenti sulla base degli indici di subsidenza.

Reservoir characteristics

Subsidence index

Subsidence

Deep reservoirs with small to medium size, without aquifers or with large aquifers

CPRVLR £0.25

Limited

— Medium depth reservoirs with small to medium size, without aquifer
Deep reservoirs with small to medium size and with small to medium aquifers
Deep reservoirs with medium to large size, without aquifers or with large aquifers

0.25 <CPRVLR <08

Considerable

— Shallow reservoirs

Medium depth reservoirs with small to medium size and with small to medium aquifer
Medium depth reservoirs with large size, with or without aquifers
— Deep reservoirs with medium to large size, with small to medium aquifers

CPRVLR>08

Significant

in the case of shallow hydrocarbon-
bearing formations.

The effects of heterogeneity can
be considered negligible or even
null in particularly simple geologi-
cal scenarios, e.g. when the reser-
voir and the surrounding formations
are laterally continuous and with a
simple geometry, and/or when the
rock petrophysical and mechanical
characteristics as well as the pressure
distribution within the reservoir are
rather homogeneous. On the con-
trary, the effects of heterogeneity
are not negligible in the case of re-
servoirs with irregular geometry, for-
mations with significant thickness
changes, strongly heterogeneous

92

petrophysical properties and pressu-
re distributions within the reservoir,
and contrast between stress-strain
properties (Suzuki et al., 2004; Fjaer
etal., 2008).

When the geometry of the reser-
voir is very simple and symmetrical,
as is the case of the modelled anti-
cline analyzed and described above,
and the adjacent formations are ho-
rizontal and have uniform thickness,
the subsidence volume tends to a
regular bowl. When considering
more realistic and complex geologi-
cal scenarios, the distribution of ver-
tical displacements on the surface
may be markedly heterogeneous and
thus produce irregular subsidence.

For instance this could be the case
of asymmetric anticline reservoirs or
of more complex geological scena-
rios involving the presence of an al-
lochthon wedge above the reservoir.
Moreover, the presence of a more
rigid caprock than the reservoir atte-
nuates the subsidence phenomenon;
conversely, the presence of a stiffer
layer underlying the reservoir incre-
ases subsidence (Geertsma, 1973b).
Reservoir classification based on
the values of the subsidence indices
together with the degree of hetero-
geneity led to the definition of the
Intact Rock Qualitative Subsiden-

ce Index (IRQSI) which allows to
qualitatively identify the degree of
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accuracy with which it would be
desirable to undertake subsidence
studies as well as assess underground
safety conditions following the alte-
ration of the initial stress state due to
hydrocarbon production — or storage
(Table 3 and Figure 10).

The definition of a prompt nu-
merical model (IRQSI = 1) allows
a quick but approximate evaluation
of the phenomenon to be analyzed.
The geological characteristics of the
reservoir and surrounding forma-
tions can be described in a simpli-
fied way through regular geometries,
sub-horizontal layering and discre-
tization. The effect of production
on pressure can be represented by
an average depletion value for the
reservoir as well as in any hydrauli-
cally connected aquifer. Alternati-
vely, if the thickness of the reservoir

CPR,VLR<0.25 0.25<CPR,VLR<0.8 CPR,VLR20.8

Tab.3. Definition of the IRQSI based on subsidence indices and degree of heteroge-

neity.
Definizione dellIRQSI sulla base degli indici di subsidenza e del grado di eterogeneita.
Subsidence index Heterogeneity degree IRQSI  |Suggested approach
CPRVIR<025  |Negigble or i | |Prompt numerical or
analytical

0.25 <CPRVLR <08 |From negligble to non-negligible

2 Simplified numerical
CPRVLR <025 Non negligible
CPRVLR>08 From negligible to high

3 Complex numerical
CPRVLR <08 High

is small in relation to the radius and
in the absence of an active aqui-
fer, an analytic approach may be
used which, by nature, represents a
prompt analysis. The analytical me-
thod proposed by Geertsma (1973a,
1973b), widely used throughout the

IRQSI=2

Heterogeneity

IRQSI=2

—

Fig. 10.IRQSI-based subsidence study approach.
Approccio allo studio della subsidenza suggerito sulla base dellISQRI.
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oil industry, allows to estimate the
extension (albeit in a conservative
manner, particularly for scenarios
which are far from the assumptions
of Geertsma’s method) of subsidence
induced by hydrocarbon production.

The definition of a simplified nu-

ANALYTICAL MODEL

* Validity in uniaxial conditions
(thin reservoirs)

* Uniform Ap in the reservoir

= Conservative subsidence range

PROMPT NUMERICAL MODEL

= Regular geometry reservoir

* Sub-horizontal boundary formation

+ Analytical Ap in the reservoir and
aquifer system

SIMPLIFIED NUMERICAL MODEL

* Reservoir with realistic geometry

= Regional geological model

= Average deformation parameters,
even from the literature

* Deformation parameters sensitivity

COMPLEX NUMERICAL MODEL

= Reservoir with realistic geometry

* Regional geological model

* Constitutive model selection

* Adequate characterization of
mechanical parameters

+ Sensitivity of analyzed scenarios

93




GRAM

merical model (IRQSI = 2) makes
it possible to refer to the average
values of the necessary parameters
for the characterization of the un-
derground formations, even values
from the existing literature for simi-
lar formations can be used. Further
study to assess the impact of possible
heterogeneities can include a sen-
sitivity analyses on the mechanical
parameters. Particular attention
must, however, be given to viscous
deformation (creep), which may oc-
cur in the absence of repressurization
of the reservoir after production.
Conversely, the definition of a
complex numerical model (IRQSI =
3) requires the development of diffe-
rent analysis scenarios (considering
different production strategies, aqui-
fer sizes, constitutive models) and,
above all, knowledge of deformation
and resistance parameters should be
widened by integrating experimen-
tal data, appropriately acquired by
on-site and laboratory testing.

5. Conclusions

Geomechanical analyses show
how production induces stress varia-
tions resulting in compaction of the
reservoir and surrounding aquifer
when present.

Compaction of underground for-
mations induces subsidence at the
surface which needs proper eva-
luation. The complexity of the ap-
proach to be used for quantifying
vertical displacements and exten-
sion can be discerned based on the
proposed Intact Rock Qualitative
Subsidence Index (IRQSI), which
relies on CPR, VLR and system he-
terogeneity. The approach can go
from analytical, restricted to thin
and homogeneous reservoirs subject
to a uniform depletion, to simplified
or complex numerical modelling.
In the case of numerical modelling,
both fluid-dynamic and stress-strain
phenomena must be taken into ac-
count through the integration of
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three reference models: the geolo-
gical model at regional scale, which
allows to describe the stratigraphic-
structural features as well as the li-
thological/petrophysical properties
of the system under examination;
the fluid-dynamic model, which in-
tegrates production history, PVT flu-
id parameters and rock-fluid interac-
tion parameters into the geological
model and is the basis for analyzing
fluid-flow phenomena induced by
hydrocarbon production; the geome-
chanical model, which allows to stu-
dy stress-strain phenomena through
the geotechnical characterization of
all modelled formations and the se-
lection of a suitable constitutive mo-
del describing rock and soil behavior
(Benetatos et al., 2010; Codegone et
al., 2016).

The analyses discussed in this pa-
per are based on Mohr-Coulomb’s
failure criterion which, albeit sim-
ple, is one of the most widely used
models for studying intact rocks un-
der monotonic loading conditions.
The use of complex constitutive
models which account for the loa-
ding history, non-linear behavior
and/or time-dependent (viscous)
stress-strain behavior, is sometimes
necessary but it must be adequately
supported by experimental analysis.
It should be noted that the plan-
ning and interpretation of labora-
tory tests, which provide strength
and deformation parameters, always
imply the assumption of a reference
constitutive model. Moreover, the
mechanical response of geomate-
rials to given stresses depends not
only on the type and magnitude of
the applied stresses but also on the
way in which they were applied
(stress path). Similarly, fully cou-
pled fluid-dynamic and geomecha-
nical models are recommended in
particular situations such as highly
compressible (i.e. shallow) and
fractured reservoirs and require the
characterization of the interdepen-
dence between petrophysical pro-
perties, mechanical properties and
stress state.

ENVIRONMENT

In all cases, comparing the results
of numerical models with geodetic
and/or satellite monitoring provide
a way of evaluating the model ca-
pability to adequately reproduce the
mechanical behavior of the rocks
as well as calibrating them through
back analysis processes.
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