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Abstract. Regional subsidence due to fluid depletion includes the interaction among multiple physical pro-
cesses. Specifically, rock compaction is governed by coupled hydro-mechanical feedbacks involving fluid flow,
effective stress change and pore collapse. Although poroelastic models are often used to explain the delay be-
tween depletion and subsidence, recent evidence indicates that inelastic effects could alter the rock microstruc-
ture, thus exacerbating coupling effects. Here, a constitutive law built within the framework of Breakage Me-
chanics is proposed to account for the inherent connection between rock microstructure, hydraulic conductivity,
and pore compaction. Furthermore, it is embedded into a 1-D hydromechanical coupled finite element analysis
(FEA) to explore the effects of micro-structure rearrangement on the development of reservoir compaction. Nu-
merical examples with the proposed model are compared with simulations under constant hydraulic conductivity
to illustrate the model capability to capture the non-linear processes of reservoir compaction induced by fluid

depletion.

1 Introduction

Various anthropogenic activities are responsible for the oc-
currence of surface subsidence and damage to buildings
and infrastructure. Among these, rock compaction and land
subsidence are major concerns in hydrocarbon reservoirs
(Zoback, 2010). Reservoir depletion lowers the fluid pres-
sure, leads to an increase in the stress carried by the rock
skeleton, and generates non-negligible compaction. Diagnos-
tic tools are necessary to understand and forecast regional
subsidence, but a challenging obstacle in such analyses is
the interaction of multiple physical processes operating over
a wide range of time and length scales. Poroelastic model-
ing frameworks are often used to compute either near-field
reservoir compaction or far-field subsidence (Du and Olson,
2001). However, poroelastic models restrict the analysis to
linear deformation processes, thus ruling out possible inelas-
tic changes in rock microstructure (i.e., particle crushing,
particle rearrangement, and pore collapse) caused by com-
paction and the consequent hydro-mechanical couplings de-
riving from them (Esna Ashari et al., 2018). In this circum-

stance, more advanced constitutive laws are needed to cap-
ture the material properties and connect the particle-scale
processes to macro-scale fluid flow characteristics. For this
purpose, a new constitutive relationship within the frame-
work of Breakage Mechanics is developed and the particular
case of the Groningen gas field (Roels, 2001; Hol et al., 2015;
van Thienen-Visser and Fokker, 2017) is used to validate
the proposed model. Different modeling scenarios (e.g., elas-
tic and inelastic compaction, constant hydraulic conductivity,
and concurrent change of compressibility and hydraulic con-
ductivity) are simulated to illustrate the potential impact of
inelastic processes on reservoir compaction.

2 Constitutive modeling

2.1 Partially coupled breakage model

Breakage mechanics is a constitutive framework built within
the frame of continuum thermodynamics to study the in-
elastic deformation of granular solids subjected to changes
in grain size distribution due to particle crushing. Such ap-
proach requires the definition of a Helmholtz free energy W,
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Figure 1. Simulations of the UPPD/M tests with two end-member porosities (test ID: ZRP-3A_18CV and ZRP-3A_39BV) and the medium

porosity (test ID ZRP-3A_99BV).

Table 1. Summary of model parameters typical in the Groningen gas field.
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which in case of linear elasticity can be expressed as:
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where &7 and g are the volumetric and deviatoric elastic
strain; B is the breakage index; K and G are the elastic bulk
and shear modulus; d, and dpy are the minimum and maxi-
mum particle diameters; 6 is a grading index associated with
the initial and ultimate grain size distribution (GSD), po(d)
and p,(d) (Einav, 2007a). Here, a Pearson distribution is
used to describe mathematically the grading characteristics
of a granular rock, eventually using experimental data to con-
strain the model parameters (Hol et al., 2018).

Generally, brittle granular materials present two coupled
dissipative mechanisms: plasticity and breakage. This work
simply assumes that coupling exists only in compression,
while the shear response is solely governed by frictional plas-
ticity:

5d z\/(5¢€*)2+(8¢§)2+8¢3 )

in which the individual terms are being factorized as Sb* =
sin™! (0) @Y and 8@} = cos~! (§dp) (Einav, 2007b), and:
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where Ep is the breakage energy. E. is the critical breakage
energy. p and g are the mean effective stress and deviatoric
stress. €) and ag are the volumetric and deviatoric plastic

strain. My = 6sin¢ /(3 —sin¢), go = 6¢ccos¢p/ (3 —sing). ¢
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is the cohesive shear strength and ¢ is the effective friction
angle. It leads to two separate yielding criteria, the compres-
sive breakage criterion fg and the frictional shear failure f,
here expressed as (Einav, 2007a, b):

_ py2
:M_1<0’

/B E. <

and it obeys the following flow rules (Das et al., 2011):

Eg(1 — B)? 1
def,’ =2ApB Msinzw, deg =ANf———,
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where Ap and Ar are non-negative plastic multipliers.

2.2 Simulation of cyclic depletion-inflation paths

Standard plasticity models are usually unable to replicate
plastic strains prior to the intersection of a yield surface
and neglect any inelastic deformation caused by loading-
unloading cycles taking place in the pre-yielding regime.
However, ample evidence has proved that plastic strains start
to accumulate much earlier than the classic yielding cap (van
Thienen-Visser and Fokker, 2017; Pijnenburg et al., 2018;
Hol et al., 2018). To circumevent this limitation, hypo-plastic
modeling techniques can be incorporated (Einav, 2012). This
choice implies the use of flow rules adjusted through multi-
plicative coefficients taking into account the distance of cur-
rent stress state from the yield surface:

deb" = (fp +1)®ded, def” = (fr+ D) deb,
dB* = (fg+ 1)*®*dB (6)

where sg and sy are the hypo-plastic model parameters for
breakage mechanics and frictional plasticity, respectively.
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(a) Model geometry:
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(b) Initial and boundary conditions:
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Figure 2. Schematic description of model setup: (a) model geometry; (b) initial and boundary conditions.
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Figure 3. Simulations of a single reservoir compaction during and after depletion: (a) time history of reservoir compaction; (b, ¢) 25-year
isocrones of the nodal pore pressure and displacement; (d) 25-year isocrones of hydraulic conductivity at gauss points.

2.3 Breakage permeability variation

Microfracturing (i.e., particle crushing and cement damage)
can have a dominant role on the diffusive processes responsi-
ble for macroscopic rock permeability (Zhang and Buscarn-
era, 2018). Here, the approach suggested by Esna Ashari
et al. (2018) is followed to model permeability changes
due to inelastic compaction. Specifically, an augmented
breakage-dependent Kozeny equation is used:
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where n and ng are the current and initial porosity; k and
ko are the current and initial permeability; K, and K are
the current and initial hydraulic conductivity resulting from
K. = prgk/ ¢, where pr and pur are the density and viscos-
ity of reservoir fluid, and g is the gravitational acceleration;
Dy is the current harmonic mean grain size, with Dyo and
Dy, being the values of Dy corresponding to the initial and
ultimate GSD:

dy | dyt |

—_—= —dx, = —d 8

Do /PO(X)x * b fpu(X)x x ®)
dm dm
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3 Example of application to the Groningen gas field

3.1 Model performance

In this work, data relative to the Groningen gas field were
used to validate the model performance (Roels, 2001). The
UPPD/M tests (multicycle Uniaxial-strain Pore Pressure De-
pletion tests) reported by Hol et al. (2018) are used to cali-
brate the model parameters. The UPPD/M samples were sub-
jected to three depletion stages (Stage #1: p, decreases from
35 to 25 MPa, Stage #2: from 25 to 15 MPa, and Stage #3:
from 15 to 1MPa). Each of the stage was followed by 3
unloading-reloading cycles during which the magnitude of
the variation in py, was S MPa. The model formulation de-
scribed in the preceding sections postulates elastic behavior
during unloading and accumulation of permanent (plastic)
strain during loading cycles. Measurements available for the
different loading/unloading cycles were used to constrain the
model parameters summarized in Table 1. Figure 1 shows
the model performance for the UPPD/M tests characterized
by different values of porosity. Despite some differences be-
tween measurements and simulations, the model generally
displays a satisfactory performance for all the considered
cases.

3.2 Simulation of reservoir compaction

To numerically investigate the effects of material non-
linearity on the development of reservoir compaction, the
calibrated model is embedded into a 1-D coupled hydro-
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mechanical finite element (FE) solver (Sloan and Abbo,
1999). As schematically described in Fig. 2, a reservoir col-
umn with thickness of 250 m is subjected to a prescribed
basal depletion py. Figure 2b illustrates the initial and bound-
ary conditions of the simulated reservoir. As shown, it in-
volves the fixed axial stress equal to 70 MPa and the ini-
tial radial stress equal to 57 MPa, which is typical across
the Groningen gas field. Based on the reported field history,
the basal depletion is imposed with an initial pore pressure
of 35MPa and a depletion rate of 0.5 MPayr~'. Figure 3a
compares the predicted time history of reservoir compaction
obtained with a breakage dependent hydraulic conductivity
to those obtained under constant hydraulic conductivity. The
two end-member values of hydraulic conductivity (i.e., K; =
2.0x1077 and K; = 9.0x 10~ ms~") in Fig. 3d are selected
for comparison. Figure 3b—d plots the 25-year isochrones of
pore pressure, displacement, and hydraulic conductivity dur-
ing and after basal depletion for the proposed model. The
simulations readily show that microstructural changes due to
particle crushing exacerbate hydro-mechanical couplings by
lowering the hydraulic conductivity. As a consequence, fluid
flow proceeds at a lower rate and the development of reser-
voir deformation is delayed. As shown in Fig. 3a, the com-
paction response with the evolving K is initially close to the
behavior of constant high K, but as the occurrence of break-
age, it tends to approach the response obtained for the lowest
(constant) value of K.

4 Conclusion and discussion

Microstructure evolution caused by stress changes is a ma-
jor cause of the inelastic deformation and hydro-mechanical
coupling. In this paper, a constitutive law has been devel-
oped within the framework of Breakage Mechanics to link
the micro-scale and the macro-scale response of a compact-
ing rock, as well as to estimate the permeability variations
caused by breakage. A 1-D hydromechanical coupled FE
solver has been implemented to explore the impacts of mi-
crostructure evolution on reservoir compaction. Data relative
to the Groningen gas field have been used to illustrate the
model characteristics and test its performance. The model
has been calibrated and validated with reference to data for
rock cores subjected to the UPPD/M testing protocol. Finally,
numerical simulations characterized by both constant and
breakage-dependent hydraulic conductivity have been con-
ducted to emphasize the non-negligible impact of inelastic
effects. Such analyses show that inelastic processes at the
grain-scale can significantly decelerate the pore pressure dif-
fusive process, eventually manifesting as additional sources
of delayed reservoir compaction. The geomechanical models
discussed in this paper can be a springboard for further stud-
ies addressing the challenging problem of simulating field-
scale ground subsidence triggering by compaction, for exam-
ple by integrating near-field simulations with analytical solu-
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tions (Geertsma, 1973; Mehrabian and Abousleiman, 2015)
or numerical modeling platforms (Lewis et al., 2003).

Data availability. The results of the laboratory tests used in this
paper are available from the Supplement to the work of Hol et al.
(2018) (https://doi.org/10.1038/s41598-018-25455-z).
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