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Simulation of the inelastic
deformation of porous reservoirs
under cyclic loading relevant

for underground hydrogen storage

Kishan Ramesh Kumar™, Herminio Tasinafo Honorio & Hadi Hajibeygi

Subsurface geological formations can be utilized to safely store large-scale (TWh) renewable energy

in the form of green gases such as hydrogen. Successful implementation of this technology involves
estimating feasible storage sites, including rigorous mechanical safety analyses. Geological formations
are often highly heterogeneous and entail complex nonlinear inelastic rock deformation physics when
utilized for cyclic energy storage. In this work, we present a novel scalable computational framework
to analyse the impact of nonlinear deformation of porous reservoirs under cyclic loading. The proposed
methodology includes three different time-dependent nonlinear constitutive models to appropriately
describe the behavior of sandstone, shale rock and salt rock. These constitutive models are studied
and benchmarked against both numerical and experimental results in the literature. An implicit
time-integration scheme is developed to preserve the stability of the simulation. In order to ensure

its scalability, the numerical strategy adopts a multiscale finite element formulation, in which coarse
scale systems with locally-computed basis functions are constructed and solved. Further, the effect

of heterogeneity on the results and estimation of deformation is analyzed. Lastly, the Bergermeer
test case—an active Dutch natural gas storage field—is studied to investigate the influence of inelastic
deformation on the uplift caused by cyclic injection and production of gas. The present study shows
acceptable subsidence predictions in this field-scale test, once the properties of the finite element
representative elementary volumes are tuned with the experimental data.

One of the significant threats facing our planet is climate change caused mainly by emissions from fossil fuels.
To address this problem, the world is increasingly drifting towards renewable energy sources, such as solar and
wind. However, the main drawback of renewable energy is its intermittent nature due to the fluctuating seasonal
events like wind forces'. This results in excess and deficits of renewable energy production, while consumption
graphs have much more steady patterns. Therefore, feasible large-scale energy storage—in the order of TWh—
technologies are needed in order to ensure that the generated excess power can be used at times of under produc-
tion. One option is to convert the renewable energy to hydrogen through electrolysis® and further store it inside
depleted oil and gas fields, or salt caverns**. Note that hydrogen demand is increasing in many areas such as
in heavy-duty transportation, chemical and steel industries®”. Due to the seasonally-intermittent nature of the
renewable energy production, the reservoirs would undergo cyclic loading of injection/production of hydrogen.
Subsurface storage technology has been implemented already by storing e.g. hydrogen in salt caverns at Teesside
(UK) and the US Gulf coast®. A list of all active projects on underground hydrogen storage (UHS) can be found
in the literature’®. Natural gas storage is much more common across the world, including e.g. the four sites in the
Netherlands'®!!. For safe operations, it is critical to quantify the impact of altering the reservoir pressure on the
rock deformation and state of stress'>'*. This quantification needs to be based on appropriate nonlinear deforma-
tion physics, specially viscoplasticity, when the stress field crosses the yield tolerance limits of the rock elements.

Microbial activity, geochemistry, geomechanics, and hydrogeology (multi-phase flow) are the four critical
aspects of hydrogen storage that need to be addressed individually and simultaneously to understand their impact
on energy storage'*. This work focuses on geomechanics and calibrating its risks, for example, regarding surface
subsidence/uplift'>'®. Due to cyclic injection and production, the reservoir undergoes plastic deformation, which
becomes critical due to the presence of lots of heterogeneities such as faults and fractures, especially over long
operational periods. Since seasonal storage projects are the focus of the UHS and natural gas storage projects,

Faculty of Civil Engineering and GeoSciences, Delft University of Technology, 2628 CD Delft, The Netherlands.
*‘email: k.rameshkumar-2@tudelft.nl

Scientific Reports|  (2022) 12:21404 | https://doi.org/10.1038/s41598-022-25715-z nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-25715-z&domain=pdf

www.nature.com/scientificreports/

the numerical experiments need to allow for simulation of the deformation over long periods (several years).
Analysis of the rock stress and deformation over such long time scales helps to reveal potential risks associated
with this storage process, for instance, an initially stable storage platform can indeed become critically stressed
after a long operational time!”8,

One of the major concerns of energy storage in the subsurface is the consequent ground surface subsidence
or uplift. Several researchers in the past have reported subsidence in the carboniferous sandstone fields across
the world which are used to produce hydrocarbons'”'*-2%. When these reservoirs are used to store hydrogen,
this results in seasonal cyclic loading on the reservoir that could cause permanent subsidence or uplift depend-
ing on the operating conditions and the rock characteristics. This calls for accurate modelling of subsidence for
understanding the grain scale physics of the rocks in the subsurface. Some researchers modify the variation of
elastic properties along depth and study the subsidence based on elasticity and pore-elasticity*>~?’. However this
approach ignores the underlying grain scale physics, especially in the long-term (years) of cyclic loading. The
authors in?, for instance, investigate real case subsidence in the Bergermeer reservoir by developing a full scale
3D poromechanical model, which includes a viscoelastic model (Kelvin-Voigt), faults and fractures. The effects
of inelastic deformations were thus neglected from their work. Many underground reservoirs (and their sur-
roundings), however, are composed of different types of rocks with complex and particular mechanical behaviors.
Inelastic deformations such as plasticity, viscoplasticity and creep are commonly observed in underground for-
mations. Plasticity is a permanent deformation that occurs instantaneously (time-independent) when the stress
levels reach a certain yield limit (yield surface). Similarly, viscoplasticity also refers to a permanent deformation
when the stress levels touch the yield surface. In this case, however, the rate at which stress is applied also plays an
important role?, and the stress levels are allowed to exceed the yield surface and then it takes a finite amount of
time for it to return to the yield surface. Therefore, unlike plasticity, viscoplasticity is a time-dependent inelastic
deformation. Another type of time-dependent inelastic deformation is creep, in which the material constantly
deforms under the application of a constant and persistent external load, irrespective of the stress levels.

Although it is not possible to experimentally distinguish between creep and viscoplasticity®, they actually
follow different types of physics and, consequently, have different constitutive laws. For instance, creep is often
modeled using power-laws®'-**, although more general formulations are also available in the literature®-*¢. Several
experiments have been conducted in the past to study creep deformations in rocks*’~*2. Viscoplastic models for
rock/soil have also been proposed by several researchers*~*¢. Some of them also use viscoplastic formulations
to model creep deformations*®*, since viscoplastic deformations tend to creep deformations when the yield
limit tends to zero®. For modeling plasticity (and also viscoplasticity), the critical state theory (CST) has been
long employed to describe inelastic deformation in a variety of weak rocks including chalk, bonded mudrocks,
carbonates, sandstones and sand*®->!. The modified cam-clay model (MCC), as introduced by, is the most widely
used critical state model, which incorporates imposed loading sensitivity and hardening or softening hypothesis.
Many researchers®>** have shown the applicability of modified cam clay plasticity model in the computation of
inelastic deformation of sandstone rocks which is caused due to inter-granular cracking and slip of inter-granular
clay films. Considering this hypothesis, MCC model is used in our work although the extent to which plasticity
models can effectively describe inelastic deformation in the reservoir scale is still under research. An aspect of
rock/soil failure analysis relates to the impact of cyclic loading, especially for intermittent injection/withdrawal
of underground reservoirs. In this case, the material might undergo plastic deformation sooner than normally
expected. A few studies can be mentioned in which the researchers analyze the effect of cyclic loading on
rocks™8 using experiments under different confining pressures, loading conditions and chemical environments.

The first goal of this work is to propose a numerical model to properly describe the mechanical behavior of an
underground formation composed of materials with different inelastic behaviors. A highly permeable sandstone
reservoir is considered to be surrounded by a sandstone formation with low permeability, shale rock and salt
rock. For salt rock, only creep deformation is accounted. Creep is also considered for the sandstone formation,
as well as plastic deformations. Finally, viscoplascitiy is incorporated for the shale rock model. Power-law** is
employed for modelling creep in both salt rock and sandstone. The sandstone plasticity is modeled by using the
MCQC as a yield criterion and the consistency algorithm, as presented in®. In order to account for cyclic load-
ing effects, we employ the strategy proposed by*’, in which the equation for the hardening parameter update
is properly modified. Recently, cyclic experiments on sandstone have been conducted®, where a cyclic MCC
model was used to match the experimental results. Finally, the viscoplastic response of shale rock is modeled
through Perzyna’s*® algorithm and the MCC as a yield criterion. A detailed description of how these models can
be combined is provided within this work.

In addition to the complex mechanical behaviors, underground formations are often highly heterogeneous,
which poses a serious challenge from a numerical point of view. The reason for this is that extremely fine grids
are often necessary to properly capture such highly heterogeneous mechanical properties. As a consequence,
the resulting system of equations is excessively large, thus requiring prohibitively computational power. In this
context, a second contribution of this work is to devise a multiscale computational framework to study cyclic
loading effects on reservoir rocks undergoing different types of inelastic strains, namely creep, viscoplasticity
and plasticity. First, a fine-scale consistent modeling approach, based on finite element discrete scheme, is devel-
oped. Further, the fine-scale computational framework is then extended to a multiscale framework allowing for
representation of the computational system on a much coarser resolution.

Multiscale strategy has been implemented in the past for solving porous media flow in the subsurface
This strategy has been implemented also for geo-mechanics®72, The main idea of the multiscale strategy is
solving the system at coarse scale and further approximating the solution to the finescale. Development of the
multiscale strategy is not only important for advancing the computational efficiency, as formerly addressed for
linear mechanics but also crucial to allow for generating a consistent map between fine and coarse scale systems
without any need of upscaled parameters. This can also allow for the connection of the coarse scale observation
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data directly to the fine-scale computational system, to reduce the uncertainty, as shown for flow in porous
media”. For convenient integration within a given simulation framework, the developed multiscale strategy is
also formulated and implemented algebraically.

Numerical results are presented to study various aspects of the developed computational strategy. Firstly,
the developed fine-scale finite-element method (FEM) simulation method is benchmarked with the literature.
Additionally, the impact of inelastic deformation in a field-scale relevant test case is studied. It is worth mention-
ing that an important consequence of altering the subsurface stress is the subsidence/uplift; specially if the site
is close to populated urban areas” 7% In this study, as a relevant test case, the Dutch Bergermeer gas field is also
investigated in detail to quantify the associated uplift over a few years of cyclic loading.

The paper is structured as follows. The governing equations related to solid mechanics are presented in “Gov-
erning equations” The inelastic deformations, namely creep, viscoplasticity and plasticity, as well as the main
ingredients of the MCC model, are discussed in “ Inelastic deformations”. In “Numerical formulation’, in addition
to the finite element formulation, the implementation of the combined inelastic models is described in details.
Once the discretized equations are obtained for the fine scale grid, the multiscale (MS) strategy is employed in
“Multiscale formulation” to obtain the coarse grid algebraic equations. Finally, numerical experiments are carried
out in “Results”, after which the conclusions are drawn in “Conclusions”.

Governing equations
A rock undergoing an external load can be represented by the linear momentum conservation equation’”. Assum-
ing quasi-static loading condition (neglecting inertial effects), this equation can be expressed as

V.o =-f, (1)

where ¢ is the rank-2 stress tensor and f denotes the volumetric body forces, expressed as (N/m3). Moreover,
the stress tensor can be expressed in terms of the rank-4 stiffness tensor C and the rank-2 elastic strain tensor
€€, that is,

o =C:¢ 2)
For isotropic linear elastic materials, according to Hooke’s law the elements of the stiffness tensor are given by
Cijkr = 78ij0k1 + G(Sikdj1 + 8udjk), (3)

where 8;; is the Kronecker’s delta and / and G are the first Lame’s parameter and shear modulus, respectively.
When the small strain assumption is valid, the total strain tensor & has a linear relation with the displacement
vector u, given by,

1
e =Vu= 3 (Vu + VuT>, (4)

with V; denoting the symmetric nabla operator. Additionally, the small strain assumption allows the total strain
tensor to be split into an elastic (¢¢) and an inelastic () parts, that is,

e =¢e°+ & (5)
Combining Egs. (1), (2) and (4), the linear momentum balance equation can be expressed as
V. (C:e)=—f+V-(C:e"). (6)

One of the challenges here is to properly account for the different types of inelastic deformations of shale, salt
and sandstone formations. In the next section, the inelastic deformations considered in this work are presented
in detail.

Inelastic deformations

The rock formations considered in this work are known to present time-dependent and time-independent inelas-
tic deformations. Time-independent inelastic deformation basically refer to plastic deformations, which occur
when the effective stress reach a certain point. Similarly, viscoplasticity consists of irreversible deformations that
develop over time, regarded that the stress levels also reach a critical value. The phenomenon known as creep
also refer to a time-dependent irreversible deformation, however, it occurs for any level of stress.

In this work, only creep is considered for the inelastic deformation of salt rock. Creep is also considered for
the sandstone, in addition to plastic (time-independent) deformations. Finally, for shale rocks only viscoplastic
deformations are considered. The Modified Cam-Clay (MCC) failure criteria adapted for cyclic loading condition
is adopted for both shale rock and sandstone. For shale rock, however, the Perzyna algorithm, which adopts the
concept of overstress, is employed. On the other hand, Consistency based algorithm is used for sandstone. In
what follows, the creep model, the MCC, Perzyna and Consistency algorithms are briefly presented. Associative
plasticity model is employed in this work.

Creep. Creep deformation is a well-known phenomenon observed in a broad range of materials. In the pre-
sent case, this deformation mechanism can be observed in both rock salt and sandstone. As illustrated in Fig. 1,
atypical creep curve is characterized by three distinct regions: transient (I), steady-state (II) and accelerated (III)
creep. The visco-elastic response of the transient creep often occurs in a very short period of time when com-
pared to the steady-state creep. Also, for short periods of time, the accumulated strain for stages I and II can be
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Figure 1. Creep deformation curve under constant external load.

qA
Plastic softening
£P<0
L
\5\’5\6\\
i LA ) )
Yield syrface o> Plastic hardening
Loading surface £'>0
—————————— ~< dsq
//’ \\\
4 Effective. ‘v—>ds,
stress path '\
t
1 \
py pc p'

Figure 2. The illustration shows the schematic of the MCC model in the stress space. It indicates how the yield
surface develops, depending on the effective stress path, highlighting the plastic hardening (below the CSL) and
the plastic softening region (above the CSL).

of the same order of magnitude. However, for sufficiently long periods of time the amount of strain accumulated
during stage I can be negligible when compared to stage II. Considering all uncertainties associated with the
geological data, it is reasonably safe to omit this initial creep stage. Predicting material rupture is not the purpose
of this work, hence the accelerated creep stage is also disregarded.

In the presence of a constant external load, the steady-state creep is characterized by a constant strain rate,
as shown in Fig. 1. The strain rate caused by steady-state creep can be modeled by*

&7 = Aexp (—R—QT)q"”s (7)

where Q is the activation energy, R is Boltzmann’s constant and T is temperature. Finally, A and n are material

constants and ¢ is the von Misses stress, given by g = 4/ %s : s, with s being the deviatoric stress tensor.

Several researchers have shown that the rocksalt undergoes creep®*’®7. In this work, only the steady state
creep is considered for rock using a power law as shown in Eq. (7). Similarly, few researchers have also shown
that the sandstone rock undergoes creep*”***. In this work, creep in sandstone rocks is also accommodated
using the power law formulation, as shown in Eq. (7).

Modified Cam-Clay (MCC). The basic steps involved in the Modified Cam-Clay model are presented in
this section. The MCC is employed in this work for both plasticity and visco-plasticity models. For the purpose
of keeping the notation simple, we adopt the superscript “p” throughout this section to denote either plastic
or visco-plastic deformations. In “Perzyna based viscoplastic algorithm” and “Consistency based plastic algo-
rithm”, as well as the remaining sections, however, the superscripts “p” and “vp” are used to properly differentiate
between plastic and visco-plastic deformations, respectively.

Based on loading conditions and material properties, a certain yield function is responsible for deciding
whether the material deformation is under elastic or (visco)plastic regime. The main ingredients of the MCC
are the (1) elastic step, (2) yield function, (3) the hardening parameter and (4) plastic flow rule’®>*81:82 The
schematic representation of the MCC model is shown in Fig. 2. The elastic region is enclosed by the yield surface
represented by the semi-ellipse. The figure shows the yield surface, in solid black line, and a “loading” surface,
represented by the dashed black line, both of which are discussed below. The effective stress path is characterized
by the load applied to the rock, and it is represented in the p’~q plane, with p’ being the mean volumetric stress
(p' = —tr(0)/3) and q representing the von Misses stress. Moreover, the effective stress path for the drained test
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case dictates whether the material undergoes plastic hardening or plastic softening. The Critical State Line (CSL)
shows the terminal state of the rock in the plastic region. A material yielding at the critical state does not compact
or dilate when sheared. In other words, the CSL separates the dilation and compression regions of the rock. In
what follows, the four ingredients mentioned at the beginning of this paragraph are presented in more detail.

Elastic step. In soil mechanics, it can be observed experimentally that the void ratio (e) has a non-linear rela-
tionship with the mean stress (p’), which is given by

e=C—xlnp/, (8)

where « is the compression index and C is a material constant corresponding to In(p’ = 1). Additionally, the
change in the void ratio is given by

de = —(1 + eg)dsy, )

with dey representing the incremental volumetric strain and ey denoting the initial void ratio.
The void ratio is a measure of how tight the soil grains are to each other. It is reasonable to assume that the

more connected the soil grains are to each other, the larger the material stiffness is. In fact, from classical soil

mechanics, it can be shown that the relationship between the void ratio and the elastic moduli are

(1+e)yp 3(1—2v)(1 +e)p’
K

2(1 4+ v)k

K= and G= (10)

with v being the Poisson’s ratio. From Eq. (10) it can be noticed that the elastic step in the MCC model is actually
non-linear, since the elastic moduli also change with both mean stress p’ and void ratio e.

Yield function. 'The yield function refers to the equation that describes the yield surface, as depicted in Fig. 2.
The yield function # depends on the stress level and the (visco)plastic strain, and it can be expressed as

F (0,60) = ¢ + M*p' (p/ — pl(eh)) =0, (11)

where M is the slope of the CSL and p/. is the hardening parameter, which is also called as the pre-consolidation
pressure and it depends on the volumetric (visco)plastic strain £5. As shown in Fig. 2, the position of p/. on the
P’ axis changes according to the yield surface 7.

Instead of evaluating the yield function (Eq. 11), it can be also convenient to define a semi-elliptical “loading”
surface, as represented by the dashed black line in Fig. 2. The point p}, which intersects the p’axis, is given by

I g\21
py=p+ (M> I (12)

In this manner, a s1mple comparison between p/. and py is enough to characterize whether the material
behaves elastically (p), < p,) or plastically (p/, = p;).

Hardening parameter. 'The hardening parameter is characterized by the variable p., which defines the position
of the yield surface. Therefore, the material becomes “harder” when p/. increases, since a higher stress level must
be achieved to trigger plastic deformations. In the original approach of the MCC model, the hardening param-
eter increment (dpy) is zero if the stress state is in the elastic regime, for instance p/, < p;. Otherwise, if the stress
state touches the yield surface ( p = pl), then the hardening parameter increases proportionally to the (visco)
plastic strain variation. This can Be expressed as follows.

dp! 0 ifp/,/v <pl,

_rec _ 1
p. ( - te ) de? otherwise. (13)
A—K

where 4 is the unloading/reloading index, which is obtained from isotropic plastic consolidation test®’.

The hardening rule represented by Eq. (13) is originally developed for monotonic loads. For cyclic loads,
however, even in the elastic region, the material might reach failure sooner than predicted by the original MCC.
This suggests that the yield surface actually shrinks during the process. Based on this idea, the hardening rule
represented by Eq. (13) has been generalized for cyclic loading™ by allowing the yield surface to shrink during
unloading (dp; < 0). This case can be expressed as

0 ifp, < pcanddp, >0,
: dpy £ /
dpc _Jo—+ if p), < pranddp), <0, (14)
I Py
¢ 1+e p .
- dey otherwise.
A—k

in which 6 represents the fraction of shrinkage of the yield surface with respect to the “loading” surface. Notice
that Eq. (13) is fully recovered from Eq. (14) when 6 = 0. In a recent work®, the authors conducted cyclic triaxial
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experiments on sandstone rock and observed similar trend of the applicability of 6 parameter in sandstone
experiments.

Plastic flow rule. Plastic strain is computed using the plastic flow rule, which is dependent on the stresses. In
this work, we employ an associative flow rule, in which the plastic (or viscoplastic, in this case) strain is propor-
tional to the gradient of the yield function with respect to stress. The incremental (visco)plastic strain tensor and
the incremental volumetric (visco)plastic strain, therefore, take the following form

0F 0F
deP =y Py and def =y o (15)

with y denoting the plastic multiplier. The definition of this parameter depends on the numerical strategy
adopted. In this work, Perzyna and Consistency based algorithms are employed for this purpose.

The four main steps of a plasticity model have been presented above. In the remaining of this section, we
present the numerical approaches employed for obtaining the plastic multiplier of Eq. (15).

Perzyna based viscoplastic algorithm. In this work, we follow the approach proposed in*, in which the visco-
plastic strain rate tensor and viscoplastic volumetric strain rate are respectively given by,

0 F v Oy F
e = C gy P ,
Y 07| AT (16)

where 35 # and 3,y 7 are the partial derivatives of # with respect to ¢ and p’, respectively. Moreover, the plastic
multiplier is computed as,
. _ (7.8
V=", (17)
ey )p

with (-) representing the Macaulay brackets and the viscosity expressed as
uiel) = poexp (2 (s)

in which jo and ¢ are the reference viscosity and a material parameter.
Defining the residues

R
w-»ﬁ —quv), (19)
r = —de + de® + de'?, (20)

where Eq. (19) is the residual form of Eqgs. (17) and (20) neglects creep and plasticity contributions, since the
Perzyna algorithm is employed here only for the shale rock, where creep and time-independent plasticity are
assumed to be absent. Equations (19) and (20) depend on ¢ and y, therefore, applying Newton’s method and
solving for the increments do and dy leads to

Y — 0¥ 1 dsr Lir
do ¥ 1 dgr~l 1 dpr

dy = . 1)

do = —dpr " : (r+ dyrdy). (22)

The reader is referred to* for the detailed formulation, including the explicit expressions for 9,5 ¥, Oy, dgr
and 9y r. Therefore, for each time step, internal iterations are required by updating stress and plastic multiplier
aspktl = pk 4 dy and o*t! = 6F + do.

Consistency based plastic algorithm.  For the sandstone, plasticity is incorporated through the consistency algo-
rithm in conjunction with the MCC model, with the hardening parameter also computed by Eq. (14). Plastic
deformation occurs when the yield function value is equal to 0. The return mapping algorithm using consistency
condition has been used by several researchers®*®$284 ‘We adopt the approach suggested by Liu et al.*® in which
anisotropy is ignored. Here, the plastic multiplier is computed by assuming the consistency condition, given by

AT AF
d7 = pys :do + o dp. =0. (23)
c

The increment of stress, do, is proportional to the elastic strain. Since sandstone is considered in this work
to undergo elastic, creep and plastic deformations, the increment of stress can be expressed as

do =C: (de — de” — de?) (24)
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(] Shale layer (Qg,)
(] Salt rock layer (Qg)

(] Sandstone formation (Q4)
(U] Sandstone reservoir (Qy)

Figure 3. Schematic representation of the solution domain.

with de being the increment of total deformation. The increment of plastic deformation can be obtained from
the plastic flow rule (Eq. 15). Additionally, Eq. (14) for the case of p; > pl. can be solved for the increment dp...
In this manner, Eq. (23) becomes

0F 0F 0F 0F 0F [1+e
:C:(de —de”) — — : C: — =0
Py (de —de) — 57 Yoo TV oy (A‘—K)Pf 25)
Finally, solving Eq. (25) for y provides
, = dgf :C: (de — de™)
17 .07 _azaz (1de) (26)
N A A L

The terms on the right-hand side of Eq. (26) must be evaluated at the current time level. For each time step,
an iterative procedure (return mapping strategy) is employed on the stress until the corrected stress and the
hardening parameter satisfy the yield condition.

Inelastic strain composition. As depicted in Fig. 3, the domain €2 is decomposed in Qs, Q254 and g, for
salt rock, sandstone and shale rock, respectively. Considering these different domains do not overlap each other,
we have that

Q= QU QU Qg and (27)

Qst N Qg = Qg N Qg = Qe N Qg = 0. (28)
Considering these three materials, we propose to express the inelastic strain tensor of Eq. (6) as

£ = ey + egh + Eds (29)

in which
_ Jemkx) ifx € Qn _
em(x) = { 0 otherwise for m = st, sd, sh (30)

» «

with the subscripts “st”, “sd” and “sh” denoting salt rock, sandstone and shale rock, respectively.

As mentioned before, the inelastic deformations are considered to be only creep for rock salt, creep and plas-
ticity for sandstone and only viscoplasticity for shale rock. Therefore, the inelastic strain tensor can be further
split into

1 V]
e =ef +el+ebyt+eg, (31)

where e and e are modeled by Eq. (7), and plastic and viscoplastic strains are modeled using the MCC model
with cyclic hardening parameter (Eq. 14). Moreover, the plastic multipliers y of sfd and e are respectively
obtained through the Perzyna and Consistency approaches previously discussed. We emphasize that all these
inelastic strains must satisfy Eq. (30).

Numerical formulation

Consider a domain Q € R?bounded by a surface I', which is oriented by a normal vector n pointing outwards .
The boundary surface can be further splitinI" = I'p U I'y, where I'p and I'y denote the portions of the bound-
ary surface in which Dirichlet and Neumann boundary conditions are applied, respectively. Moreover, we have
thatI'p N I'y = . The trial and test functions are respectively defined as

U ={uecH,u=1uonTlp), (32)

# ={weH,w=00nTp} (33)

where H! denotes the first-order Sobolev space. In this manner, the weak form of Eq. (1) can be expressed as
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/ wl(V.-o+£)dQ2=0 VYwew (34)
JQ

The test function is assumed to be equal incremental solution (w = da, Vda € #") which satisfies the kin-
ematic BC to minimize the residual in global domain. Using the divergence theorem,

/ sal(V-0)dQ = —/ seTodV + / saltdl (35)
Q Q r
where the imposed traction vector is given by t = ¢ - n. Equation (35) is used in Eq. (34) to yield,
/ seladQ = / saTtdl + / saTfdq. (36)
Q JT JQ

The above equation is the incremental internal virtual work which is equal to external virtual work. In Eq.
(36), the first and second terms on the right-hand side represent the imposed boundary traction forces and the
volumetric body forces, respectively. All these terms are evaluated at time ¢t + At. In the incremental load/time-
stepping scheme, the stress tensor can be written as

o't = ¢! 4 Ao. (37)
Substituting Eq. (37) into Eq. (36),
/ seTAodQ = / saTtdl + / saTfdQ — / selotdq. (38)
Q r Q Q

By considering Q" as a partition of  composed of non-overlapping quadrangles, the corresponding discrete
function spaces % " and %" can be defined. Therefore, the displacement vector field can be approximated as

sal = 5u'NT and e’ =su’B7, (39)

with N and B representing the interpolation functions and their global derivatives, respectively. Accordingly, the
discretized linear momentum equation can be written as,

/ sulBTAgdQ = / SulNTtdr + / sulNTfdQ — / sulBTg'dQ (40)
Q r Q Q
where Su” are constants and can be readily eliminated from Eq. (40). The incremental stress is proportional to
the increment of elastic strain, that is

Ao = CAe’, (41)

in which Voigt notation has been employed. However, considering infinitesimal strains, it follows that
Ae = Ag® + Ae” (from Eq. 5), and thus Ao = C(Ae — Ae™®). Additionally, recalling that Ae = BAu, then

Ao = C(BAu — Ae®). (42)
Substituting Eq. (42) into Eq. (40),
/ B'CBAudQ = / NTtdl + / NTfdQ — / BTg'dQ + / BTCA&™dQ. (43)
Q r Q Q Q
Equation (43) originates a system of equations in the following form
KAu = b, (44)
where b = b¢ + b, with
b = / NTtdl + / NTfdQ — / BT¢'dQ and b* = / BTCA&™dQ. (45)
r Q Q Q

Because of the non-linearity present in b*, due to the inelastic strains, it is convenient to define a residue
vector as

% =b—Kx, (46)
where x = Au. Newton’s method can be applied by expanding Eq. (46) using Taylor series, that is,

2 1k
IR
:%k“:.%’k—i-a— Ax. (47)
X

Enforcing the residue at the current iteration k + 1 equal to zero, the following linearized system is repeatedly
solved until convergence for each time level,

T*Ax = -2 K, (48)
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with Jk = 5, % k representing the Jacobian matrix at iteration k.

Implementation. The implementation of the non-linear model proposed in this work is represented in the
pseudocode shown in Algorithm 1 for a given load step at time level ¢ + At. A load control-based algorithm
is presented here. For each time step, the residual is solved for an incremental displacement. Creep, plastic and
viscoplastic strains of shale, salt and sandstone rocks are computed in the material loop. The corresponding sub-
routines are represented by Algorithm 2 for salt rock, Algorithm 3 for shale rock and Algorithm 4 for sandstone.
These algorithms are solved inside each element. Recalling the subdomains defined in Fig. 3, Perzyna’s approach
(Algorithm 3) is applied for computing viscoplastic strains only in the subdomain g},. Algorithm 4 goes over the
sandstone elements belonging to Q244 for computing both creep and plastic (according to consistency approach)
strains. Algorithm 5 is used for computing the increment of creep, and Algorithms 6 and 7 are used for com-
puting the loading surface p; and the hardening parameter p/. (yield surface), respectively. Notice in line 2 of
Algorithm 3 that @ < 0, which means that the yield surface does not shrink during unloading, which is given

by dp), < 0 (see line 5 of Algorithm 7).

Algorithm 1 : Inelastic mechanical FEM

1: for a loading step f, ,, do

R AN i

Assign An¥t! < 0, Ax + 2¢, v is the newton iteration of time stepping loop.
Initialize inelastic strain increment 5 € < 0.
while ||Ax||; > £ OR v < max(v) do

Assemble the Jacobian, residual % < b¢ +b*'*! — KAu"
Solve JVAx = —Z
Au¥t! — AuY + Ax
Compute total strain increment AeVt! «— V. Au
Compute elastic strain increment Ag¢ < Ag"T! — Ag
for each integration point in an element ¢ do

Compute the trial stress update 6" « o, + CA€®

(6,A£S) « ComputeSaltStrains(c' &g,

(6,Ae})) < ComputeShaleStrains(c"" A, A&, p.., p},, ) ;)

(0,Ae", A€P) + ComputeSandstoneStrains(c'"/ Ag,Ae®, €, p.., Pys Pys)
AE™ « A+ AEN + AT + Ag?,
Setv<+v+1

v+1

Update u; p, < u; + Au’*! and all the strains.
Go to next loading step

> Loading loop

> Assembly loop

> Element loop

> Material loop (Alg. 2)
> Material loop (Alg. 3)
> Material loop (Alg. 4)

Algorithm 2 : Subroutine for computing inelastic strains in salt rock.

[ S R S

: Subroutine ComputeSaltStrains (o, £{,)
: €Y < ComputeCreepStrain(c,£S,)

D Agy < € — €Y,

o =o' _CAer

: Return: 6,A&e{/

> See Alg. 5
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Algorithm 3 : Subroutine for computing visco-plastic strains in shale (Perzyna)

1: Subroutine ComputeShaleStrains (6,A€,A&°, pl, p;, p;’t)
2: 0+0

3: A&7 0

4. if #(o,p.) > 0 then

5: while y(o,pl.) >0do

6: r=—Ag+Ag°+ A€’
. A y/—aow:af,r—' r
oV : dor™! 1 0y
8: AG + —dor ! : (r+ 9jrAy)
. vp AY JOZ
9: A€ 7%
10: A&’ + tr(A€P)
11 o< 0+AC
12: e+ e—(1+ep)Ag”
13: p.. < UpdateHardening (o, A&l p.., pl,, p),;,¢,6) > See Alg. 7
14 i Hoexp(¢elr)
15: Return: o,Ag"?
Algorithm 4 : Subroutine for computing inealastic strains in sandstone (plasticity + creep)
I: Subroutine ComputeSandstoneStrains (6,A€,Ae¢, €", pl., py, py.,)
2: € < ComputeCreepStrain(c, €;") > See Alg. 5
3: AE — g — g7
4: A€? 0
5: ply + ComputePy (o) > See Alg. 6
6: while p}, > p|. do
9F . (. cr
. e 55 - C:(Ag—Ag)
%ﬁ:(c: aﬁ_agaz<1te)p/
o Jo apl. dpf \A—x | t'c
Ae? 97
: Agl + tr(AgP)
10: 0 06 —C: (A€’ + A7)
11 €°" < ComputeCreepStrain(c, ") > See Alg. 5
12: AET <— g7 — g
13: e+ e—(1+ep)del
14: py < ComputePy(o) > See Alg. 6
15: p.. + UpdateHardening(c,Ael’, p.., p}, )., ¢, 0) > See Alg. 7

16: Return: 6,A€" A€?

Algorithm 5 : Subroutine for computing creep strains

1: Subroutine ComputeCreepStrain (o, &)
2 s 6 — 1tr(o)I

3. g4 %S 'S

4 €+ "+ AtAexp (—%)q”‘ls

5: A& g — g

6: Return: Ag“”
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Fine scale grid

Coarse scale grid

Q"

Figure 4. The above illustrates the 3D grid depicting finescale and coarse scale grid. Each coarse scale element
(2,,) consists of fine-scale elements. The basis function of the corner coarse element is shown.

Algorithm 6 : Subroutine for computing p;

: Subroutine ComputePy (o)
s p = f%tr(d)
1S O 7p/1

g+ %s:s

AWy =

1 rg\?
. / /
5 py—p+— (—)
6: Return: p§

Algorithm 7 : Subroutine for updating p’.

: Subroutine UpdateHardening (6,A€/, p., p;, p),,,e,6)
N

: if py, < p,. and dpj, > 0 then

dpl.+0

. elseif p;, < p;. and dp;, < O then

)

dp)
dp; < 071,
7: else '
dpl (122 ) piel
9. pl. < pL.+dp.
10: Return: p/.

Multiscale formulation
In the finite element formulation, the material properties (shear modulus, Poisson’s ratio, void ratio, etc) are
defined for each grid element. Underground formations are often highly heterogeneous, with varying mechanical
properties and rock types. This represents a serious challenge from a computational point of view since it requires
extremely fine grids to appropriately capture all the heterogeneities, which naturally increases the computational
effort for solving the resulting system of equations. To circumvent this problem we adopt a multiscale formula-
tion, as proposed in®, in which the heterogeneities are properly represented in the fine scale but the system
of equations is solved in a coarse scale, thus reducing computational burden while still capturing the physical
characteristics of the system in a suitable manner.

The multiscale formulation is based on the construction of a coarse grid superimposed on a fine scale grid.
Each element of the coarse grid contains a set of fine grid elements. The coarse elements are represented in Fig. 4
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by the blocks with different colors. The goal is to compute the solution xy for the coarse scale and then project
it onto the fine scale grid, xj, that is,

X, = Pxpg (49)

where P is the prolongation matrix with dimensions (1, x ng), with n, and ny denoting the number of nodes
in the fine and coarse scale grids, respectively. In addition, a restriction operator is defined as R = PT, such that
Xy = Rxy,.

For the sake of generality, let us write the linearized system of Eq. (48) in the fine scale as

Apxp, = by, (50)

The corresponding coefficient matrix and independent vector in the coarse scale can be obtained using the
restriction and prolongation operators as Ay = RA,P and by = Rby, respectively. Therefore, instead of solving
Eq. (50), the coarse scale solution is obtained by solving

Apxg = by, (51)

which has ny unknowns instead of nj,. The solution is then prolonged to the fine scale as desired by using Eq. (49).
Clearly, the success of the multiscale strategy depends on the proper construction of the prolongation P and
restriction R operators. These operators are actually constructed by computing displacement basis functions, Ny,
at each element of the coarse grid. An example of a basis function is depicted in Fig. 4 for a three-dimensional
element. For obtaining these basis functions, the following equations are solved for each coarse element

V- (C:VNp,;) =0 inQ* (52)
V. ((C : VS“NH,,-) =0  indQ" (53)
NH)i(xj) = Si,j Viell,..., l’llu_j] (54)

where " and 92 denote the domain of a given coarse element and its boundaries, respectively. The operator vl
is the symmetric nabla operator in the tangent plane of each face of 9Q2. Additionally, n}, represents the number
of fine scale nodes contained within the coarse element 2*.

The constitutive matrices in equation are defined for each element of the fine scale. In this manner, when the
basis functions are obtained, they naturally take the internal heterogeneities into account. The system of equa-
tions represented by Eq. (54) is solved for each element of the coarse grid in the beginning of the simulation.
A permutation matrix W as presented in®' is employed to rearrange all the interior (I), faces (F), edges (E) and
vertex (V) nodes. The permuted system is written as,

A

{A\H %IF %IE éIv uy fl

5 Apr Apr Apg Apy | 7 T-h ar | 5 T h fr
Ay = WTa,w = | SFF CFF QFE SEV A b = wTgh = | TP fh= wifh = | 55
" h Apr Apr A Apv ug f f f) (55)

Ayt Avr Avg Ayy uv fy

By applying Gaussian elimination twice of the above system and solving for the reduced order boundary
conditions as shown below,

Appiip 4+ Apgiip + Apyily =0 (56)

Aggiip + Apvity = 0. (57)

where ZFF,;XFE,;\FV,;KEE,AEV is computed by solving the system of equations Eq. (54). The reduced upper
triangle system is given by,

A élF IE\IE élv ay fr
0 Arr Arg Apv ‘:1F _ |fF . (58)
0 0 AEE AEV FE fE
0 0 0 Ay Luv fy

The Ayy is the coarse scale matrix Ay which is employed to solve for coarse scale solution. Further, this
solution is prolonged to compute the finescale solution. In this work, this multiscale strategy is accommodated
to solve for incremental loads which further helps in accounting the inelastic strains. Detailed algorithm is
presented in Algorithm 8.
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# | Value # | Value # | Value
K 0.034(-) |p’ |025(MPa) |v |0.3(-)
2 017(=) | M |134(0) e | 112 (=)

Table 1. Parameters employed for triaxial loading for Boston blue clay®®.

Algorithm 8 : Algebraic multiscale strategy for Inelastic FEM solver

1: for a loading step ff, ,, do > Loading loop
2 Formulate the permutation operator "W’ and solve for reduced boundary conditions
3 Compute the prolongation P and the restriction operator R in the first loading step
4 Assign Au¥t! 0, AXx}; <+ 2€, v is the newton iteration of time stepping loop.
5: Initialize inelastic strain increment Ag < 0.
6 while ||Axy ||, > € OR v < max(v) do > Assembly loop
7 Formulate the coarse scale system Ay = RA,P and by = Rb;, and assemble the Jacobian.
8 Solve for residual in coarse scale Z = by —AHAXI‘;+1 and prolong it to finescale solution Axy,.
9: Update Au¥t! < Au¥ + Ax,,
10: Compute the inelastic strains and assemble the internal forces by, > Element loop See Alg. 1
11: Setv <« v+1
12: Update u;ar < u; + Au¥t! and all the strains.
13: Go to next loading step

Depending on the required accuracy, the MS simulation method could be extended to iterative multiscale
method (i-MS) using different preconditioners such as GMRES or ILU. The reader is referred to® for a detailed
description of how to employ iterative multiscale strategy.

Results

Several numerical experiments are conducted to benchmark our unified framework to evaluate the impact of
inelastic deformation at field scale when a cyclic load is employed. The consistency of the FEM formulation was
checked and the displacement field was found to be 2nd order accurate in space.

Benchmarking the simulator. The simulator is benchmarked in the first step with the existing available
data in the literature. In this test case, the material is assumed to be boston blue clay showing only plasticity with-
out any creep and modeled using original MCC using Eq. (13). Drained loading condition with strain softening
and undrained condition with strain hardening are considered in this section to study the variation of von Mises
stress with strain. Table 1 show the parameters employed in the following simulation. The effective stress paths
applied can be observed in Fig. 5a,d for drained and undrained loading conditions, respectively. As shown in
these two graphics, the stress path goes from point A to B and from B to C. An increasing load is subjected to the
rock similar to an over-time rise in the stresses when a fluid is continuously injected into the reservoir.

The results are illustrated in Fig. 5. Figure 5a-c show the yield surface, variation of normalized stress with
axial strain and variation of void ratio with mean stress respectively for drained condition. Similarly Fig. 5d,e
illustrate the same material, but under undrained loading condition. In the case of drained condition (Fig. 5a),
the load increases from point A until it touches the initial yield surface in point B. When it returns to point C,
because it is in the softening region (above the CSL), the variation in volumetric strain is negative, which makes
the yield surface to shrink according to Eq. (13). On the other hand, when undrained condition is imposed
(Fig. 5d), the point at which the stress state reaches the initial yield surface (point B) is below the CSL, that is,
in the hardening region, where volumetric strain variation is positive. As a result, the yield envelope expands in
the plasticity regime from point B to point C.

Variation of normalized stress (normalized with preconsolidation pressure) with respect to the axial strain for
drained (Fig. 5b) and undrained (Fig. 5¢) conditions are compared with the literature of numerical results®®. The
characteristic softening and hardening behaviors can be verified in these two figures, with the stress increasing
after point B for Fig. 5e, and decreasing for Fig. 5b. As it can be seen from these graphics, the numerical results
compare relatively well with the literature. The variation of void ratio with logarithm of volumetric stress is shown
in Fig. 5¢,f. The change in void ratio for a drained condition is significant in inelastic region (from point B to C)
compared to elastic region. However the void ratio remains constant when the load is applied in an undrained
fashion because only the pore pressure changes in the rock.

The parameters in Table 1 were employed to verify the implementation of our work. In the field scale scenario,
these parameters are calibrated further based on the observed uplift by the GPS stations which is elaborated in
the later section. In a field case storage scenario depending on the operating conditions and time instant the
reservoir will be usually partially saturated, so porous rock might experience drained or undrained consolidation
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Figure 5. benchmarking: illustration of the strain softening scenario using MCC with consistency condition
for drained rock (Fig. 5a—c) and strain hardening scenario for undrained rock (Fig. 5d-f) respectively. The
simulation results are compared with®®.

conditions. The results presented above show that the numerical scheme is able to adequately describe these
two situations.

Comparison between finescale and multiscale results. In this test case, fine scale and multiscale
results are compared for a homogenous rock using the same parameters as presented in Table 1. The respective
stress paths for drained (Fig. 6a) and undrained (Fig. 6d) conditions are presented. In contrast to the test cases
presented in the previous section, here the stress path for the drained condition promotes a hardening behavior
(line B-C in Fig. 6a is below CSL), while softening is obtained for the undrained stress condition (line B-C is
above CSL in Fig. 6d).

The results are presented in Fig. 6. Figure 6a—c show the yield surface, variation of normalized stress with axial
strain and variation of void ratio with mean stress respectively for drained condition. Similarly Fig. 6d-f show
the same for undrained condition. The variations of von Mises stress with axial displacement for finescale and
multiscale are shown in Fig. 6b,e respectively for strain hardening and strain softening test case. The difference is
virtually zero because the MS strategy is able to capture all the information from reduced order boundary condi-
tions in the homogeneous rock. The variation of void ratio with logarithm of mean stress is shown in Fig. 6¢,f.
Similar to the previous test case, a higher change in void ratio is observed in the plastic region of the drained load-
ing condition compared to the change in void ratio in the elastic region (that is from point B to C in Fig. 6¢). In
addition, the volumetric strain variation is zero for undrained loading, thus resulting in no change in void ratio.

Cyclic loading of rocks.  Underground energy storage will involve cyclic loading on the reservoir depend-
ing on the demand and supply of the energy (for e.g. H2). For this reason, it is important to study the effect of
cyclic loading of rocks involving inelastic strains. In this test case, homogeneous sandstone and shale rock are
studied to understand the effect of viscoplasticity on shale rock and the effect of creep and plasticity on sand-
stone rock. Considering seasonal storage of hydrogen in reservoirs, four phases of storage cycle are incorporated
as elaborated in*”. These phases include injection phase, rest phase at high pressure, withdrawal phase and lastly
rest phase at low pressure. The chosen parameters for shale rock are presented in Table 2 and are obtained from*.
The rock is modelled with 20 x 1 x 20 elements of dimensions 25 x 25 x 50 (cm?). Bottom face is fixed, vertical
cyclic load as shown in Fig. 7a is imposed on the top face and rest of the faces have a confining stress of 40 MPa.

The variation of axial strain with time for numerical and experimental results*! is obtained here by employing
Perzyna viscoplastic formulation. Viscoplastic behavior of shale rocks can be clearly observed in this test case,
where the rock deforms of time at a constant load as shown in Fig. 7b. As the number of cycles increases, the
axial strain in the rock also increases with time. In this test case, the unloading effect of the hardening parameter
as explained in Eq. (14), is not accounted since this effect was not observed experimentally (6 = 0).

Using the same load as shown in Fig. 7a, the effect of cyclic loading on sandstone rock is studied. The param-
eters used for sandstone are presented in Table 1. For comparison purposes, however, the pre-consolidation
pressure is chosen to be p, = 43.17 MPa which is same as the shale rock. Figure 7c shows the variation of strain
with time for sandstone without incorporating creep strains. It can be seen that in Fig. 7c the strain rate is 0 for
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Figure 6. Comparison: illustration of the strain hardening scenario using MCC with consistency condition for
drained condition (Fig. 6a—c) and strain softening scenario for undrained condition (Fig. 6d-f) respectively.
Here the results are compared with FS and MS simulation methods.

# Value # | Value # Value

K 8.86e-3 Ho | 9.69e12 (Pas) | ¢ 4.33e3

yi 29.3e-3 M |13 Py 43.17 (MPa)
Elements 20x1x20 |e 0.089 Length |25 x 25 x 50 (cm?)
A le-17 n 1.6 Q 5000 (mol/cal)

Table 2. Parameters employed in the cyclic loading for shale rock®.

constant load, since plasticity is a time-independent phenomenon. However, as 0 is larger than zero, the accu-
mulated strain increases with time for every cycle. This is due to the reloading effect, which is accommodated in
the hardening parameter. When a fluid is stored in the subsurface based on the demand and supply, the higher
the number of cycles for the same operating pressures, the higher will be the accumulated strain.

The interplay between creep and plasticity in sandstone was also studied. The parameters chosen for creep
formulation are presented in Table 1. Figure 7d shows the variation of strain with time for sandstone by also
considering creep strains. In this case, it can be seen that for a constant load, the strain is increasing with time
due to the accumulation of creep strain. With the inclusion of creep and the reloading effect, number of cycles
and the time period of the imposed load will make a significant impact on the accumulated strain.

Comparing shale rock and sandstone, it can be seen that the axial strain is higher for sandstone compared to
the shale rock. This is because of the different elastic and plastic properties of the rock.

Effect of heterogeneity on multiscale. In this test case, the goal is to study the influence of heteroge-
neities in the mechanical response of materials. For this purpose, Perzyna’s formulation is employed to observe
the difference between fine-scale (FS) and multi-scale (MS) results. The strategy consists of imposing a uniform
distribution for one material property at a time while the others are kept constant. The values for the heteroge-
neous paramenters and the corresponding ranges of variation are shown in Table 3. The remaining parameters
(including domain dimensions) are taken from Table 2. The loading condition is shown in Fig. 7a. The domain
has 20 x 1 x 20 cells, with a coarsening ratio of 5 x 1 x 5

Figure 8 shows the comparison of FS and MS axial displacement results for two different nodes on the top
face (node 1 and node 2). Among the investigated parameters, the deformation is most sensitive to x when het-
erogeneity is imposed: results obtained from two different nodes exhibit more pronounced deviations compared
to the other scenarios. This occurs due to the influence of the parameter x on the bulk modulus which causes
change in the elastic deformation. Due to this significant change, a slight difference of FS and MS results can
be seen. Figure 8b-e respectively show the influence heterogeneity of u, ¢, 4 and p, on the displacement over
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Figure 7. Cyclic loading: illustration of the effect of the imposed cyclic load (Fig. 7a) on shale rock and
sandstone rock is presented here. The model parameters are chosen from the literature*® and compared with
the experimental data* as shown in Fig. 7(b). Figure 7(c,d) show the variation of axial strain for sandstone rock
without and with creep deformation for the same imposed loading respectively.

# Value # Value # Value
K (543) x 1073 A (30420) x 1073 e (1043) x 10°
Py (40 410) x 10°Pa ¢ 0.1+0.05 o (45430) x 102 Pas

Table 3. Different parameters chosen to study their influence of heterogeneity.

time. The impact of heterogeneity in void ratio Fig. 8f also affects the elastic part of deformation. However, the
displacements at different nodes are not significant compared to Fig. 8a.

The results in Fig. 8 show that the MS solution is able to satisfactorily reproduce the FS solution. To achieve
higher accuracies of MS solutions, an iterative MS strategy is employed. Figure 8g shows the variation of log(e,)
with number of iterations. In iterative MS strategy® there are two stages. The first stage involves the multiscale
stage and the second stage involves the smoothing stage with a pre-conditioner. Depending on the required
accuracy different numbers of smoothing stages n; can be applied. In this work, Incomplete LU decomposition
(ILU(0)) with different number of smoothing stages and the Generalized minimal residual method (GMRES)
are employed as a pre-conditioner. Figure 8g shows the convergence for each case. It can be seen that GMRES
converges to the solution much faster in less than 10 iterations compared to ILU(0) as the pre-conditioner in
multi-scale strategy. Figure 8h shows the convergence history for the GMRES as a smoother when heterogeneities
in k, eand py are considered. It can be seen that it takes fewer iterations for heterogeneity in p, compared to the
other parameters due to its influence primarily only on the inelastic deformation. MS results are quite satisfac-
tory overall compared to the FS. In field scale situations, with high heterogeneities and lithological artifacts MS
could vary from FS significantly.

Field scale test case. Subsurface energy storage technology will involve cyclic injection and production in
the reservoir, which can lead to subsidence/uplift. Due to these time-dependent processes, it is critical to under-
stand the influence of inelastic strains and the stress distributions around the reservoir. To study this, a synthetic
test case inspired from Bergermeer gas storage site in the Netherlands is chosen. Predominantly, it is a sandstone
reservoir in the Slochteren formation located in the North West of the Netherlands with faults and fractures. The
seal of this reservoir is predominantly a Zechstein salt layer (ZET). The other cap-rock seal is the Zechstein plat-
ten (ZEB) formation consisting of salt such as dolomite, anhydrites, clays and shale!"*¥.Due to the heterogeneous
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Figure 8. Heterogeneity: illustration of the impact of heterogeneity in shale properties on the axial
deformation. The chosen parameters and its range is shown in Table 3. Heterogeneity in «, i, ¢, 4, py and
e is shown in the Fig. 8(a-f), respectively. The convergence plot for void ratio is shown in Fig. 8(g) and the
convergence plot for different parameter using GMRES is shown in Fig. 8(h).

formation, the elastic properties and their plasticity constitutive laws vary accordingly. In this work the impact of
faults and fractures are not considered in the geo-mechanical model. Although each layer is composed of differ-
ent materials, for the sake of simplicity, it is assumed here a single type of material for each layer.

A planar 2D cross-section of the reservoir is chosen? as presented in Fig. 9 with varying Young’s modulus
along the depth. The Young’s modulus and the Poisson’s ratio are chosen from the literature®>®’. The domain has
98x1x98 cells, with the coarsening ratio of 14 x 1 x 14 for the multiscale method. The properties chosen and
the type of rock assumed in each layer is presented in Table 4. The choice of coarsening ratio has been exten-
sively studied for simulation of multiphase flow®"%? based on CPU time for 3D test cases. In our study, we have
taken approximately close to the root square of the elements existing in each axis. This is in agreement with the
commonly used coarsening ratios, i.e., using the coarsening ratio of 10 x 10 x 10 allows for reducing size of
the mesh by 1 order of magnitude in each direction. The layers in the table are arranged along the depth in an
increasing manner. Roller boundary conditions (zero normal displacement) are imposed on the left, bottom
and right boundaries, whereas the top boundary is traction-free. In the earth’s natural state, lithostatic pressure
would be present inside the geometrical domain. However, it is assumed that the lithostatic pressure does not
cause nonlinear time-dependent deformation. The deviation from the equilibrium state, therefore, is only caused
by injection and production of the reservoir, which is imposed as a uniform volumetric load over the elements
in the reservoir. Figure 9 shows the area comprising the reservoir.

A number of researchers?°1% have tried to model the Bergermeer gas field by considering faults inside the
3D domain and employing the Kelvin Voigt model to account for inelasticity. However, in this work different
inelastic formulations are employed for different materials to accommodate heterogeneities more effectively.
Elasticity modulus degradation due to possible reservoir rock in-elasticity is neglected. The physical properties of
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Figure 9. Field scale test case: the above shows the variation of the Youngs modulus inside the geological
domain highlighting the reservoir boundary at a depth of around 2000 m. Roller boundary conditions are
imposed in the left, bottom and right face and the top face has free stress boundary conditions.

Lithology Young’s modulus (GPa) | v(-) | Material
North Sea (NS) 25 0.25 Sandstone
Vlieland Claystone (KN) 30 0.25 Sandstone
Upper Germanic Triassic (UGT) 35 0.25 Sandstone
Lower Germanic Triassic (LGT) 40 0.25 Sandstone
Zechstein salt (ZET) 50 0.3 Rock salt
Zechstein Platten (ZEB) 80 0.25 Shale
Rotliegend Reservoir (RO-RES) 65 0.175 | Sandstone
Rotliegend Non-Reservoir (RO-NON) 70 0.175 | Sandstone
Carboniferous (BU) 75 0.2 Sandstone

Table 4. Lithological properties in the Bergermeer field*>*°.

Rock Value Value Value Value Value Value

Sandstone K = 0.034 A=0.12 ey = 1.12 A=15e30 |n=15 Q = 5000 (cal/mol)
Rocksalt A=25e29 |n=35 Q = 12325 (cal/mol)

Shale « = 0.0076 A =8.19-3 |ey =0.088 ¢ =4.33e5 o = 9.68e12 (Pas)

Table 5. Parameters of plasticity, viscoplasticity and creep used for different rocks*467:86,

all materials are considered to be isotropic. The material constants which are calibrated in the previous sections
for lab-scale experiments cannot be used directly in the field scale measurements due to differences in stress
magnitudes on the sample, the difference in the timescales of the lab experiments with the field scale experi-
ments, and lastly the rock samples from different field can show different micro-structural properties. Hence in
this work, the plasticity constants are calibrated based on the variation of the uplift with time in the period of
0 to 1.75 years. The parameters used in the inelasticity formulation are presented in Table 5. These parameters
are calibrated based on the uplift data from the observed GPS stations. The calibration method can be further
improved using optimization processes which is beyond the scope of this work. The results are presented in
Fig. 10. The filtered uplift measurement data is obtained from GPS stations®®*2.

Figure 10a shows the variation of the imposed pressure inside the reservoir to time. The calibration and
prediction phase of the imposed pressure is separated at 1.75 years. Accordingly, based on the calibration the
uplift predicted from our model is presented. Figure 10b shows the variation of uplift along the width of the
reservoir at 2.15 years. The results show both fine scale and multiscale results. It can be seen that the uplift is
not symmetric along the center of the reservoir, this is due to the asymmetrical position of the reservoir in the
lithology. The multi-scale algorithm is able to compute the magnitude of the uplift quite satisfactorily when
compared to the fine-scale solutions.

Lastly, Fig. 10c shows the variation of uplift with time for the imposed pressure loading. Here it can be seen
that the measurement data from 0 to 0.8 years is not predicted from the numerical algorithm. This is because of
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Figure 10. Field scale test case: the above illustration shows the results of uplift obtained from the reservoir
model with inelasticity. Figure 10(a) shows the variation of imposed pressure with time indicating the calibation
and prediction phases. Figure 10(b) shows the uplift computed at time = 2.15 years for both FS and MS
methods. The variation of uplift with time is shown in Fig. 10(c) with the GPS measurement data?>*2,

the negligible change in the imposed pressure on the reservoir during this period. The next phase is the calibra-
tion phase from 0.8 years to 1.75 years. Here it can be seen that the magnitudes of the measurement data are
close to the computed uplift, however, there is a lag between the measurement data and the numerical results.
This lag can be due to (i) the poroelastic behavior of the reservoir which is not captured in this work, (ii) the
well pressure is assumed to be the constant pressure acting on the entire reservoir as a body force, (iii) the effect
of faults and fractures in the overburden causing a delay in the uplift, and (iv) lastly viscoelastic behavior of the
rocks like sandstone and primary creep in rocksalt. There are evidences presented by the researchers of this delay
in the measurement and the modelling results'”. The visco-elastic effect and the damage of rocks effect is beyond
the scope of this work. However, the magnitude of the uplift is satisfactory compared to the measurement data
for both fine-scale and multiscale methods. The higher the magnitude of inelasticity of the rocks around the
reservoir, the larger will be the uplift shown on the surface of the earth. The main emphasis of this test case, is
to emphasise on the suitability of this computational framework to accommodate inelasticity effect of the rocks
and showing the applicability of multiscale strategy in the field scale involving inelasticity.

In general, nonlinear mechanics simulations, specially with a multiscale framework, are expected to be sensi-
tive to the mesh resolution; specially for heterogeneous media. The mesh sensitivity in our studies was limited,
due to 3 main reasons: (1) very small incremental time steps (thus small loading steps) were imposed on our geo-
models; (2) our multiscale strategy develops locally computed basis functions, capturing heterogeneities, without
applying any upscaled parameter; (3) the development of an iterative multiscale procedure which guarantees
systematic error control and reduction to any desired level. Note that the performance of the iterative strategy,
specially its convergence rate, does depend on the size and geometry of the basis functions. Such performance
study based on CPU time is outside the scope of the current manuscript.

This work provides the first of its kind attempt to match and predict the storage dynamics of the subsurface
storage site, using the existing recorded sparse field data. Note that not all the degrees of freedom play equal role
in the fitting procedure. More precisely, the stiff layers hardly contribute to the subsidence or uplift. Thus the
main fitting sensitivities would lie in the soft sandtsone layers. It can also be observed that the material param-
eters calibrated for the Bergermeer test case are different from those calibrated in the previous test cases for lab
experiments. This can be due to two reasons. First, the rock samples taken to the laboratory might not present
the same type of grain structure as the in situ lithology even though they are same type of rock. Secondly, the
operating conditions (loads and time-scales) in which the rocks are subjected in the field scale is different from
the lab experiments. Therefore, more experimental data involving cyclic loading of rocks for longer time-scales
are required for improving reliability of the numerical results.

The initial phase of testing the field site helped us identify the suitable pressures inside the field to operate
feasibly. Using the minimum and maximum pressures inside the field as a reference, the Bergermeer site could be
used as a storage site for energy. Every summer when there is excess renewable energy produced from solar and
wind energy, the energy can be converted to green gases and stored, and accordingly, this energy could be used
in the winter when there is high energy demand. Accordingly, to simulate these conditions, a similar pressure
loading is applied as shown in Fig. 11a. For around half a year the energy is stored in the reservoir which implies
a high pressure being imposed for roughly around six months and then the fluid is produced which reduces the
pressure in the system close to its natural state of the reservoir.

Figure 11b shows the variation of the uplift concerning the time. Here we can see the accumulation of the
uplift caused due to the inelasticity in the domain which is around 16 % (for 5 years) of the uplift caused due to
the elasticity. Also, the amount of accumulated uplift in the first cycle is higher than the remaining cycles which
is caused due to the plasticity of sandstone and shale that depend only on the imposed pressure. The remaining
increase in the uplift with time is due to the creep deformation of the rocks in the rocks that is dependent on
time. If we continue this operation for several decades, creep deformation might be more significant compared
to the rest of the inelasticity effects. In this section, the change in inelasticity parameters caused due to prolonged
loading is not considered which could be possible because of the change in the grain structure of the rocks. As
the subsurface energy storage technology is growing because of the world drifting toward renewable energy, these
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Figure 11. Field scale test case: the imposed pressure load is shown in Fig. 11(a). Figure 11(b) shows the
variation of the maximum uplift with time caused due to the imposed pressure.

reservoir sites can be used for multiple decades to store energy causing permanent uplift on the ground surface
and causing damage to the living conditions of life.

Conclusion

The main motivation of this work is to simulate and analyse the influence of inelasticity of porous rocks in sub-
surface formations relevant for cyclic energy storage. To study this, a computational framework is developed
using an algebraic multiscale strategy to study the effects of plasticity, viscoplasticity and creep of different rocks
found in the subsurface. Sandstone, shale and rock-salt rocks, which follow different physics and have different
properties, are modelled using both fine-scale and multiscale methods using an implicit load driven time integra-
tion method. Depending on the required accuracy, a two stage iterative multiscale (MS) strategy was employed.

The simulator is benchmarked initially with the existing literature for different rocks. Comparison with the
fine-scale solution, the multiscale results present acceptable accuracy with much lower computational cost.
Subsurface storage technology involves cyclic loading over long periods. To study this effect, cyclic loading of
shale and sandstone rocks is studied to understand the impact of inelasticity on strain with time. Lastly, a field
test case is studied by including different types of rocks and their respective inelasticity physics. In this case, dif-
ferent lithological minerals were considered along with different elastic and plastic properties to model uplift on
the surface level by using both fine-scale and multiscale methods. In this field test case, the uplift on the ground
surface is compared with the computed uplift obtained from fine-scale and multiscale results.

The future scope involves accommodating visco-elasticity and further extending the formulation to poro-
inelasticity to understand the effect of change in displacements on the pore pressure with time. Further, the
computational framework should accommodate the modeling of faults and fractures in the field. This could be
further used in modeling several porous fields realistically to understand the physics involved.

Data availability
The developed model is publicly available as open-source simulator in TU Delft repository of the ADMIRE
project located at https://gitlab.tudelft.nl/ ADMIRE_Public.
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