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First principles model of carbonate compaction creep

Daniel Keszthelyi', Dag Kristian Dysthe', and Bjgrn Jamtveit'

TPhysics of Geological Processes, Department of Physics and Department of Geosciences, University of Oslo, Oslo, Norway

Abstract Rocks under compressional stress conditions are subject to long-term creep deformation. From
first principles we develop a simple micromechanical model of creep in rocks under compressional stress
that combines microscopic fracturing and pressure solution. This model was then upscaled by a statistical
mechanical approach to predict strain rate at core and reservoir scale. The model uses no fitting parameter
and has few input parameters: effective stress, temperature, water saturation porosity, and material
parameters. Material parameters are porosity, pore size distribution, Young’s modulus, interfacial energy of
wet calcite, the dissolution, and precipitation rates of calcite, and the diffusion rate of calcium carbonate, all
of which are independently measurable without performing any type of deformation or creep test. Existing
long-term creep experiments were used to test the model which successfully predicts the magnitude of the
resulting strain rate under very different effective stress, temperature, and water saturation conditions. The
model was used to predict the observed compaction of a producing chalk reservoir.

1. Introduction

Since the classical experiments of Phillips [1905] and Andrade [1910], considerable interest has focused
on creep mechanism, the long-term slow deformation of materials at constant stress conditions.
Following the first experiment of Griggs [1936] on Solenhofen limestones, numerous creep experiments
were conducted on rock samples and polycrystalline materials. Creep in polycrystalline aggregates usu-
ally evolves through three stages: an initial transient phase with decelerating strain rate, a second steady
state creep, and a final accelerating creep. At the low-temperature conditions of most sedimentary basins,
the initial transient creep stage dominates the compaction history of porous sedimentary rocks. However,
existing creep models mainly focus on the steady state creep stage of materials subject to relatively high
temperatures.

Attempts to describe the transient creep includes the general exhaustion and the similar redistribution the-
ory [Carter and Kirby, 1978] which describes materials as a set of elements in which stress fluctuations can
cause plastic deformation. As one element is deformed, it becomes impossible (exhaustion theory) or more
difficult (redistribution theory) to deform, resulting in a logarithmic overall strain in time. Although the
model works well on selected examples, it ignores the underlying microstructural phenomena of the creep
mechanism.

A series of micromechanical models was created to describe creep at low stresses and low temperatures as
a result of underlying fracturing process for given pore configurations [e.g., Ashby and Sammis, 1990; Brantut
etal., 2012]. Brantut et al. [2012] identified the different phases of the creep process as characteristic fracturing
steps: i.e., transient creep as the decelerating stage of subcritical crack growth, accelerating creep as a con-
sequence of crack interactions, and the apparent “steady state creep” as the stage when subcritical fracture
growth is near its minimum slowest speed.

Besides subcritical fracture growth, pore collapse is also associated to compaction. Zhu et al. [2010] describe
the phenomenon as a plastic deformation localized around large pores triggered by hydrostatical stresses.
Vajdova et al. [2012] carried out microstructural analysis on samples compacted in a dry environment and
found evidence of microscopic fracturing when shear stresses were present and found pore collapse in case
of hydrostatic stresses.

Another phenomenon associated with compaction creep is pressure solution: the dissolution of minerals in
regions at high stress (e.g., grain contacts) and the precipitation to areas with lower stresses (see review by
Gratier et al. [2013]). Pressure solution has been identified under both high and low stress and temperature
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conditions [e.g., Renard et al., 1999; Croize et al., 2013]. However, in models, itis commonly regarded as becom-
ing an important process only at high stresses (i.e., with increasing depth in the crust [e.g., Brantut et al., 2012]).
Brantut et al. [2014] carried out experiments on wet limestone samples and found that microstructural frac-
turing cannot explain deformation at lower strain rates and mentioned pressure solution as a candidate for
the creep mechanism.

Here we present an alternative micromechanical approach to describe transient creep of wet crustal rocks
by combining fracturing and pressure solution in fluid-filled porous rocks. We use a statistical mechanical
approach for upscaling and predict strain rate at reservoir scale. The model is tested against existing triax-
ial creep experiments and compaction data from a subsiding producing reservoir. We find good agreement
between measured and theoretical values.

2. Model Description

We consider deformations in the long-term, and we base our model on the compaction model proposed by
Japsen et al. [2011] for chalk samples, and we make the following main assumptions:

1. At low stresses a rock is a nonreactive, elastic solid with a collection of “material flaws.” These flaws are the
pores inside the rock, and they have a probability distribution, p(r) of pore radii r.

2. Crustal rocks at a certain depth are subject to a maximum o, and a minimum o5 principal stress and pore
fluid pressure, p. This model assumes that deformation is controlled by the maximum principal effective
stress, which in the simplest case equals 6, = o, — p [Terzaghi, 1943].

3. When the effective stress exceeds a threshold, fractures will start to propagate from all pores of radius
r> yE/ag (where E is the Young’s modulus and y is the interfacial energy of the rock-pore fluid surface). This
can happen either by shearing or by local perturbations caused by eventual pore collapse.

4. The number of fractures created is proportional to the number of pores involved in the fracturing process.
The fracture density p; describes the abundance of these fractures.

5. Fracturing is instantaneous, and for long-term deformations we neglect elastic strain, and strain due to the
formation of fractures and due to pore collapse.

6. The new fractures are reactive sites where pressure solution takes place if there is water present. In the
simplest case the fraction of water-wet fractures equals the water saturation S, of the rock.

7. The rate of pressure solution at each reactive site is a function of effective stress and the initial porosity only.
This means that it represents a viscous strain where the viscosity is porosity dependent.

8. Only short time and low strains are considered in this first version of the model. No evolution with time
of pressure solution rate, pore size distribution, or porosity is considered here. This implies that strain rate
evolution is a function of the effective stress evolution only.

2.1. Model Details

The proposed micromechanical model is composed of the following steps: Effective stress increase causes
microstructural fracturing starting from pores larger than a given threshold (either by shear fracturing or by
perturbation related to pore collapse). This is followed by subsequent pressure solution on the freshly created
fracture surfaces. This model is a first step toward a complete model for time-dependent deformation of wet
rocks and many gross simplifications are made to keep the model predictive and with no free fitting param-
eters. The first simplification is to consider only the maximum principal stress of the rock during compaction.
This amounts in some sense to a vertical (and not curved/shear enhanced) end cap in the Mohr-Coloumb
diagram of rock failure [Schutjens et al., 2004].

2.1.1. Fracture Propagation

In the Griffith concept of materials, cracks can initiate from inhomogeneities and propagate throughout the
material [Griffith, 1921; Irwin, 1958; Ashby and Sammis, 1990]. Such inhomogeneities can be pores or phases
which have different mechanical properties from the rest of the rock matrix, and they may act as a source for
fractures (see Figure 1a).

The crack growth rate (also referred to as propagation rate) is a function of the energy release rate G
(the mechanical energy released for an incremental crack extension) which, given a shape and position of the
initial flaw, depends only on the load stresses [Rayne et al., 2011; Lawn, 1993].
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Figure 1. The development of fractures inside a rock sample with increasing effective stress. (a) Initially, the untouched
rock contains a set of pores inside the rock matrix matrix. (b) With increasing effective stress first fractures initiate at the
largest pores and they propagate inside the chalk matrix until (c) they reach other fractures (coalescence). (d) If effective
stress is large enough, smaller pores will be involved in the fracturing process.

Consider elastic energy U stored in a material under a far-field effective stress o, around a fracture having
a characteristic length scale r. The elastic energy release rate G = dU,/dr as the fracture length is increased
from rto r + dr scales as

Gx =, (1)

where E is the Young'’s modulus.
The fracture can only propagate if the elastic energy gained is larger than the surface energy created (U;):

G= =2 2
ox — ox Ts: @

where ¥, is the surface energy of the solid. Rayne et al. [2011] measured the surface energy of calcite for var-
ious oil-water mixtures. Their results may be summarized in a simple linear relation depending on the water
saturation S :

¥e=S,%0.15+(1-5,)x0.32J/m?. 3)

Thus, we have a criterion for slow propagation of fractures:

27E  \/2-129GPa-(032-0.17-5,)J/m? _ 91.5-29-5, MPa - pm'/2
—= = = .

max Imax F'max

We have not included geometry-dependent prefactors as this will vary widely inside the material.
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This in turn means that the largest pores are subject to fracture initiation before the smaller pores. As the
effective stress increases, smaller and smaller pores will be involved in the fracturing process. A series of figures
illustrating the development of fractures is shown in Figure 1.

Once initiated, cracks can grow larger if stresses are large enough (see Figure 1b) [Ashby and Sammis, 1990;
Lawn, 1993]. Eventually, they start to interact with each other and form a coherent fracture as shown in
Figures 1c and 1d. According to Ashby and Sammis [1990], in compressional settings with crack growth, the
energy release rate is decreasing and crack growth can eventually stop without stress increase or interaction
with other pores. In wet rocks, however, there are two mechanisms that can help further propagation of frac-
tures: stress corrosion and pressure solution. The model of Brantut et al. [2012, 2013] mentioned the effect of
stress corrosion—the rock fluid reactions that occur between the pore fluid and the strained atomic bonds
close to the fracture tip and which weakens the area around the fracture tip facilitating the growth of the frac-
ture even without stress increase or interactions. Pressure solution may also reduce normal stress on fractures
and therefore increase stress in the rock around and keep the energy release rate large enough to propagate
the fractures. While this question is not well studied, there is evidence that pressure solution can smooth out
rough surfaces in the presence of shear stresses [Bos et al., 2000], and if this is happening in the initial seg-
ment of a growing fracture, stress concentration can be increased at the fracture tip. Furthermore, Gratier et al.
[1999] showed experimental evidence of fracturing occurring during pressure solution. These arguments sug-
gest that subcritical fracture growth and the growth of a fracture network once cracks are initiated is possible
in carbonate rocks and will be further facilitated by coalescence by the small spacing between pores (as in
North Sea chalk).

Using backscattered electron (BSE) images of chalk samples from the Ekofisk field (presented in Japsen et al.
[2011]), we estimated that the characteristic distance between pores is below 100 pm and typically in the
range of the grain sizes (1-10 pm). According to the model, this is the characteristic length scale of new frac-
tures; thus, for extremely slow fracture propagation rates of 10~'° m/s, it takes only between several hours
and 10 days to propagate a fracture between existing pores. Since the fracture propagation speed is a sharp
function of the energy release rate G, the main damage contribution comes from the fractures which propa-
gate on a second to hours timescale. Thus, we will not consider fracture propagation as a rate-limiting process
in this model; i.e,, fracturing is assumed to be instantaneous.

2.1.2. Pressure Solution on the New Reactive Fracture Surfaces

We consider that rocks do not creep until stressed to the point of failure as described in the last section.
This means that they are unreactive and do not undergo pressure solution. This may be because all grain
boundaries/contacts are solid-solid contacts with no water film that promotes pressure solution [Gratier et al.,
2013] or because dissolution-precipitation processes are stopped by organic matter coating the grain surfaces
[Hassenkam et al., 2009, 2011].

Grain boundary healing [Hickman and Evans, 1995; Gratier et al., 2013] and cementation [Moore, 1989] are
two of the main processes that give sedimentary rocks cohesive strength. In a healed and/or cemented grain
contact there is no water present to mediate pressure solution. This hinders the healed and cemented rock
from creeping until distributed damage in the form of pervasive microfracturing creates new reactive surface
area where pressure solution may occur.

In chalk, a calcitic rock of biogenic origin, it has been found that the calcite mineral grains are coated by organic
material that was clearly identified by Hassenkam et al. [2009, 2011]. Japsen et al. [2011] showed that this coat-
ing that renders the rock unreactive had consequences for the compaction of the chalk during burial: The
rock would only compact when fresh surface area was created by increased burial depth triggering fracturing.
Pressure solution takes place only if fracturing initiates; pore fluid enters the new fractures and is associated
with dissolution of calcite along the new fracture surfaces and precipitation at sites where chemical potential
is lower, mainly inside the pore space. The transport of material to the pores is by diffusion along the thin fluid
film (Figure 2) inside the fracture.

Calcite dissolution/precipitation in water can be described by the following simplifed chemical reaction:

2 —
CaCo, () + H,CO5 ) = Ca(;;) + 2HCO; (aq)’ (5)

where the equilibrium between reactants and the products is controlled by temperature and stress conditions
and by the chemical composition of the aqueous solution.

KESZTHELYI ET AL.

CREEP OF CARBONATES 3351



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015)B012481

CaCO;y(s) + HyCO3(1) 4274 Ca?* (aq) + 2HCO; (aq)
(e TS (o, 1) S o 1)
p1 > p2

Figure 2. Pressure solution of calcite: Calcite dissolves along grain contacts where stresses and hence the chemical
potential of calcite are locally higher, and after diffusion it precipitates inside areas where chemical potential is lower.
The effect is that grain contact areas increase, and therefore, the distance between grains decreases. A review of the
pressure solution process can be seen in Gratier et al. [2013] and Pluymakers et al. [2014].

Pressure solution causes grains to approach each other along dissolution surfaces. The total strain rate by
pressure solution ¢ is the product of the pressure dissolution rate & at each individual interface, the water
saturation S, and the number of such interfaces per unit length, p;(c,), normal to the effective stress
direction.

£=S,p. (6)

For comparison, most pressure solution experiments are performed on aggregates. Equation (6) applies to
the total strain rate of compaction of aggregates of grains of mean size d with

Pfaggr = 1/d. (7)

In our model ps(s,) is the fracture density (see Figure 3 and section 2.1.3).

In this simplified relation pressure solution rate (£) is defined as the speed with which the two dissolution
surfaces are approaching each other.

To estimate the pressure solution rate, we use the most thorough study of calcite pressure solution creep
performed by Zhang et al. [2010]. Their experiments were performed on ground limestone (96% calcite), ana-
lytical grade, or ultrapure calcite powder of varying grain sizes (12-82 pm). They parametrize their results in
models for pressure solution creep limited by precipitation, dissolution, and diffusion. The model parameters
are fitted to the initial phase (typically the first 5-20 h of 100 to 800 h experiments).

All experiments showed significant decrease of strain rate toward the end of the experiments, with strain rates
typically 1-3 orders of magnitude lower than the model. This was explained by the fact that at low strains

Figure 3. Model of a rock sample subject to effective stress oq. Pores larger than a certain length /(c,) will close

(see equation (4)). Between the pores fresh fracture surface is forming during microcracking. These surfaces are the site
for the pressure solution process. The total strain rate by pressure solution is the product of the dissolution rate along
individual fractures, and the fracture density is the expected number of fractures (i.e., pressure solution sites) by unit
length along an arbitrary vertical unit line. An arbitrary vertical line is drawn in black; the crossed fractures are in red.
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(i.e., at high porosity) pressure solution is diffusion controlled, while at higher stresses (i.e., at lower porosity)
the growing impurity content in the pore fluid inhibiting precipitation slows down the pressure solution.
Furthermore, the comparison of strain rates between the limestone, analytical grade, and ultrapure calcite
shows that pressure solution creep is very quickly slowed down by trace amounts of impurities. The conclu-
sion we draw is that for carbonates pressure solution can be either reaction controlled or diffusion controlled
and for simplicity we choose always the slowest of these in the calculations using the original porosity val-
ues to determine pressure solution rate. Modeling the time-dependent effect of the slowing down pressure
solution creep is outside the scope of this paper, and we consider two different pressure solution rates.

The first approach to calculate pressure solution rate is following a theoretical model based on Zhang et al.
[2010] and Pluymakers et al. [2014]. They were assuming a simple cubic packing of spherical grains and
pressure solution happening on all six possible grain contacts for each grain. Using their model pressure
dissolution rate, ép can be calculated in the precipitation limited case as

. Q7 g 2¢
=Ak,Q S -1 8
Sp = Apkp [EXp<RT”q_2¢> ]q_2¢ (8)
and in the diffusion limited case pressure dissolution rate &; is
. 27 - ADCSZ Q
gd = ”—C exp Oe z q -1 q s (9)
BFd? RT mq—-2¢ q-2¢

where k, is the temperature-dependent rate coefficients for precipitation; , A, and A. are geometric
constants; o, is the effective stress; ¢ is the porosity; d is the diffusion distance taken equal to the mean
pore size; Q is the molar volume of calcite; D is the diffusivity of ions within the grain boundary fluid; C is
the solubility of the solid; S is the mean thickness of the grain boundary fluid phase; R is the gas constant;
T is temperature; Z is the coordination number; F is the grain shape factor; and g = 2¢, = 0.9528, where
¢, = 1 — n/6is the porosity of simple cubic packing of spheres. By unifying all the dimensionless constants,
the two relations can be rewritten as

. 0.0
&, = Bk,Q [exp ( AT f(¢)) - 1] f(9), (10

where B = 2A, exp(Zq/=) = 26.91 and f($p)=1/(q—-2)¢ and

. 1 0,Q
&= MDCSE [exp < AT f(¢)> - 1] f($), (1

where M = A.Z exp(Zq/x)/(BF) = 34.27. The rate coefficient for precipitation is calculated as
k, =k % here k, =107"° tT=25C (12)
» = Kp0€Xp T where k, = m/satT = ,

the diffusion constant D is

D = D, exp (—%) where D=10"""m?/sat T = 25°C, (13)

where Q, and Q; are activation energy constants. The solubility C of calcite (a dimensionless number) has the
temperature dependence [Zhang et al., 2010]:

log (C?) = —171.9065 — 0.077993%T + m +71.595 log(T). (14)

Other parameters are constant and shown in Table 1.

Equations (10) and (11) depend only on three external parameters: porosity ¢, temperature T, and effective
stress o,; the other parameters are kept constant in this study. The effect of impurities are neglected since
the ion composition of the samples are not known and a significant part of the North Sea chalk formation is
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Table 1. Internal Parameters Used in the Pressure Solution Model

Symbol Definition Used Value Source

Ac Geometric constant 4 Pluymakers et al. [2014]

Ap Geometric constant 4 Pluymakers et al. [2014]

S Grain boundary thickness 2:107"0m Zhang et al. [2010]

V4 Coordination number 4 Pluymakers et al. [2014]

B Geometric factor 0.5 Pluymakers et al. [2014]

[F Grain shape factor T Pluymakers et al. [2014]

d Diffusion distance Taken equal to the average pore diameter
Q Molar volume of calcite 3.692 - 10~> m3/mol Zhang et al. [2010]

R Universal gas constant 8.314J-mol™" . k!

Qp Activation energy 46,000 J - mol™! Zhang et al. [2010]

Qq Activation energy 33,000 J - mol™! Zhang et al. [2010]

Dy Diffusion constant 1.63-1071" m?2 . s~ From equation (13) and Zhang et al. [2010]
kp0 Rate constant of precipitationat T = 0 K 0.01167 m - s~! From equation (12) and Zhang et al. [2010]

composed of chalk with low-magnesium content [Feazel, 1988] which indicates that this is a valid assumptions
for the samples of the Omdal et al. [2010] experiments.

A second method of calculating the dissolution rate is to use the long-term strain rate of the presented uniax-
ial compaction experiments in Zhang et al. [2010]. We have the assumption that long-term strain rate is close
to the strain rate measured at the end of the experiments. We choose the test performed on analytical cal-
cite sample flooded with calcite-saturated solution (the M13 experiment). They obtained a total strain rate of
é=1- 10*81;which, using equation (7) and average grain size value of 12 pm, can be translated to a pressure
solutionrate of &, =éd =1-10"8.12-10°m/s=1.2-107"3 m/s.

An alternative way of estimating the dissolution rate is to use Xu et al.’s [2012] experiments where the disso-
lution flux, j,, was measured as a function of calcite saturation. Extrapolating the data presented, we arrive to
the following approximation: j, = 10° mol/m? /s for a completely saturated solution. Using

g= o
(-¢)

where Q = 7.39 - 107> m3/mol is the molar volume of calcite [Michalowski and Asuero, 2012] and ¢ = 30% is

the average porosity, we obtain a dissolution rate on the order of 10712 — 10~3m/s, i.e., similar to the results

of Zhang et al. [2010].

2.1.3. Upscaling to Core Scale

For a given effective stress o, pores larger than the critical length r,,,, participate in the fracturing process
[Japsen et al., 2011]. Thus, the fracture density can be written as a function of this critical length (p(Fay))-

(15)

To obtain the fracture density in the direction of maximal principal stress, in the most general case one should
treat the cracks as a multidimensional probability distribution: where pores are described by their size, shape,
and orientation. If we assume that pores can be modeled with the same shape, the probability depends only
on three variables: the size of the pore and two angles describing its orientation. The size of the pore is usually
expressed as the length of the pore and presuming a uniform distribution of the orientation angles—i.e., all
possible orientation is equally likely— pore size distribution is usually described by a one-dimensional density
function p(r) depending on characteristic pore radii. From this, the volumetric density function (P(V))—the
probability that a certain pore has V volume—can be obtained as

_ |9
PV) = ’dV(r (V))‘P("), (16)

where V = T(r) is the volume of a pore having characteristic radius r and T'~'(V) is its inverse function.
Henceforth we assume that I'(r) is monotonous—i.e., pores with greater length have bigger volume—and
for simplicity we denote I'(r) as V(r).
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Figure 4. Probability density function of pore size. The fraction of pores bigger than a certain value r,,,,, can be

obtained as the integral of the density function along this length interval (i.e., fr°° p(r)dr) divided by the integral along
max

the whole interval (i.e., f0°° p(ndr =1).

Consider a cube with characteristic length h in all dimensions with volume V = h? and porosity ¢. Then the
portion of pores longer than r,,, is the integral of the ordinary distribution from r,_, to infinity (Figure 4):

max max
ZL >, li ]"
—=— = [ p(ndr, (17)
2 )

where /; is the radius of pore i.

The volume of these pores can be calculated as the integral of the volumetric density function from V(r,,,,)
to infinity multiplied by the total volume of pores, V¢:

Vis, =Vo / P(V)dV. (18)

V(rmax)

@@
@
G
)
¢

O
£

Figure 5. The concept of average length traversed through pores of size larger than r,,,,, by an arbitrary vertical line.
(a) An arbitrary vertical line passing through the cube might traverse several pores. (b) This can be seen on the cross
section. The length L traversed through pores of size larger than r,,,, is the sum of lengths /; traversed through each
pore.L =3I
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According to the proof in Appendix A, it is then possible to calculate the average length L traversed through
pores of size larger than / by an arbitrary vertical line (Figure 5):

h™Tm T h2 ' (19

The number N of pores along an arbitrary line is the total length L divided by the average thickness d of pores.

N = (20)

L
g
d can be obtained as the first moment of the pore size distribution. To calculate the fracture density, this
should be divided by the total height:

N
Pl = 3 = % / P(V)dV. 1)
V(Imax)
To conclude, total strain rate can be written as
& = pr(Fma)é = % / P(V)dVE. (22)
V(’max)

Assuming that pores have a spheroidal shape with a characteristic flattening g (g = 0 for spheres) and their
shorter radius r has Weibull distribution, the above formula can be expressed as

. PE 1 V \faT
Td / i\ e T 2

V(rmax)

where a = gﬂ“ — g) is the shape parameter for spheroids.

2.2. Model Parameters

If the reaction kinetics characteristic to the given rock is regarded as an internal parameter of the model,
five input parameters are necessary to calculate the resulting strain during creep. The input parameters are
porosity, pore size distribution, the ratio of water-wet surfaces among the new fracture surfaces, temperature,
and effective stress.

The definition of temperature and porosity is rather straightforward, for maximum principal effective stress
we use the relation ¢, := ¢’ = o, — p in our comparisons either because the Biot parameter and the plastic
compressibility parameters are not known or when known they tend to be close to 1 (e.g., Warpinski and Teufel
[1992] for Ekofisk chalk). The other parameters may be more ambiguous and hence need to be discussed.
2.2.1. Pore Size Distribution

The pore size distribution is the probability density function of pore radii. Assuming that the pore space of a
rock is composed of a set of spherical pores, pore size distribution shows the abundance of the pores with dif-
ferent radii. Usually, little is known about the pore size distribution of a certain rock sample if it is not measured
with tomography, optical or scanning electron microscopy, or with mercury injection method.

In this article we are using a Weibull distribution to represent the one-dimensional pore size distribution with
shape parameter k = 1.5 and a scale parameter A:

1.5 r s
rN=—4/--e ; 24
p(r) PR (24)

the volumetric density function—sometimes referred to as exponentiated Weibull distribution—has the

following form:
3 _ [z
P(V) = _3;\/%e V5, (25)
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Figure 6. Model calculations of (a) fracture density and (b-d) strain rate values as a function of mean pore size, effective
stress, porosity, and water saturation using a Weibull-type pore size distribution with shape parameter 0.5. In Figures 6a
and 6b calculations ¢ = 0.37 porosity, and 5% water saturation level was used and in Figures 6¢c and 6d r,ean = 2.2 pm
and o, = 35 MPa and 6.3 MPa were used. The crosses in Figure 6¢ correspond to the effective stress and water
saturation conditions used in Omdal et al. [2010] experiments, while the half-circle in Figure 6d indicate the states

of the second and third phases of experiment K14 shown in the Table 2.

This volumetric density function is biased toward lower values compared to the pore radius density function:
having lower values more probable than the original Weibull density function. The density function also
deviates at greater values from normal density function having longer lag toward greater values.

This distribution function adequately described pore size distribution measurements performed on North
Sea chalk [Japsen et al., 2011]. Using the above distribution as an input parameter, our model can be used to
predict the compaction history of the producing Ekofisk field [Keszthelyi et al., 2016].

2.2.2. The Ratio of Water-Wet Surfaces

For pressure solution to take place the presence of water inside the new fractures is necessary. However, the
pore fluid inside a rock is sometimes a mixture of non-miscible fluids (e.g., oil and water), one of which usually
wets the pore walls. To predict which fluid will enter a newly created fracture is thus a complex question. As a
first-order estimation we consider that the rate of pressure solution is a linear function of the water saturation,
assuming that the probability that water entering the newly created fractures is proportional to the relative
amount of water available in the pore space. Therefore, we multiply all fracture density data with an average
water saturation which is given for each sample.

3. Results

First we will show some general results to display the characteristics of the model and then we will compare
model predictions with experimental and field data. Results of model calculations of fracture density and
strain rate for a large range of stresses, mean pore size, porosity and water saturation with material parameters
for calcite are shown in 6.

Figures 6a and 6b show that both fracture density and strain rate vary rapidly in a relatively narrow band
of effective stress and mean pore values; that is, they are nonlinear functions of mean pore size and stress.
Thus, the dominating mechanism determining the strain rate in this model is the fracture density. However,
even if the strong effective stress dependence is due to the nature of fracturing, the strain rates are produced
by the pressure solution on the fracture surfaces and pressure solution rate varies with stress and pore size
independently of the fracture density.
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Figure 7. Fracture density as a function of the probability distribution function and effective stress while porosity is kept
at ¢ = 0.25. (a) The fracture density as a function of effective stress for three pore size distributions (see insert) having
the same mean at (r,ean = 2.2 pm) but from different families of distribution functions. The variations of fracture
densities (color coded) as a function of mean pore size and effective stress inside a family of pore size distribution
functions are shown (b) for Weibull-type distributions with shape parameter 1.5, (c) for lognormal distributions,

and (d) for uniform distributions.

Figures 6c and 6d show the variation in predicted strain with porosity and water saturation for a given porosity
distribution and stress. The dependence on water saturation (see equations (4) and (6)) is nearly linear, and a
changein S, from 0.1 to 1 changes the strain rate by 2 orders of magnitude.

According to equation (22), the overall strain rate is a function of porosity, mean pore size, and water saturation
and an integral of the pore size distribution in the region larger than a critical threshold. The lower the stress,
the higher the threshold value is from which the integral is calculated. Since usually only a small number
of large pores are present in rocks, the pore size distribution tends to have small values toward the higher
end. Therefore, to obtain good predictions at lower stresses, it is essential to have detailed constraints on the
tail of the pore size distribution, as already a small error in the abundance of large pores may result in large

Table 2. Comparison of Strain Rates From the Experimental Data of Omdal et al. [2010] and Hellmann et al. [2002a] to Our Model Predictions?

Omdal et al. [2010] Hellmann et al. [2002a]
K14 R26 SKS13 SKS20 First Phase Second Phase Third Phase
Porosity (%) 36.75 34.8 29.1 30.5 40 40 40
Water saturation (%) 8.25 5.21 478 5.64 100 100 100
o1 (MPa) 442 46.9 45.0 44.2 4.0 7.0 7.0
o3 (MPa) 19.5 11.5 17.0 15.5 4.0 4.0 4.0
Pore pressure (MPa) 9.0 9.0 9.0 9.0 0.3 0.3 0.3
Temperature (K) 368 368 368 368 298 298 323
Measured long-term strain rate (s~') 5.0-107° 7.9-107° 7.5-107° 40-107° 3.5.10710 1.2-107° 1.4-.107°
Predicted strain rate (s1) 5.8-107° 6.3-107° 1.4.107° 1.5.107° 110710 2.7-107° 1.7-107°
ERrectedy/Cmessared 1.16 0.79 0.19 0.38 0.29 2.25 1.21
Er1Or: € predicted — £measured | /€measured 0.16 0.20 0.81 0.63 0.71 1.25 0.21

aParameters needed for the model are shown in the table; pore size distribution was chosen to be Weibull distribution with 2.2 pm in the case of Omdal et al.
[2010], while the measured pore size distribution were used in the case of Hellmann et al. [2002a].
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Figure 8. Predicted strain rates as function of mean pore size and effective stress at conditions of each Omdal et al.
[2010] experiments: for all predictions Weibull-type distribution with shape parameters 1.5 and pressure solution
parameters listed in Table 1, the water saturation and porosity are different in each subplot: (a) S,, = 8.25%, ¢ = 36.75%;
(b) S, =5.21%, ¢ = 34.8%; () S, = 4.78%, ¢ = 29.1%; and (d) S,, = 5.64%, ¢ = 30.5%. In all plots the cross represents
the strain rate predicted by the model at the effective stress value used in the experiments. The solid lines of constant
strain rate equals the strain rates of the experiments after 10 days of creeping. The slight changes in the color between
plots are due to the porosity and water saturation level changes.

error in the predicted strain rate. Figure 7 illustrates the effects of the large pore tails for different pore size
distributions around the same mean pore size. While the pore size distributions (shown in Figure 7a) resemble
each other, the predicted fracture densities (shown in Figures 7b-7d) vary significantly. This is most visible
if the Weibull distribution (Figure 7b) is compared with a uniform distribution (Figure 7d). Higher fracture
density values are observed in the case of Weibull distribution as the uniform distribution (especially if the
mean pore size is small) lacks sufficiently large pores to initiate fracturing.

To test the model, we compare model predictions with existing creep experiment data on wet carbonate
samples. The theoretical model predictions displayed in Table 2 and Figures 8- 10 use no extra parameters to
fit the data.

Predicted and measured data‘, Hellmann et al., 2002

0.014¢ gf’“x—
“ 0.010}
= , 7
©
5 0.006/
9 WJ
0.002
20 60 100
t (days)

Figure 9. Deformation curves of experiment L9-11 shown in Hellmann et al. [2002a], data reproduced by digitizing the
original figures. In this experiment they initially applied 4 MPa maximal principal stress (phase 1), then increased it to
7 MPa (phase 2). In the next step they increased temperature from 298 K to 323 K (phase 3) and then started to inject
saline solution (phase 4). The colored straight lines show the predicted strain rates. The elastic strain and the time
dependence of the strain rate are not part of our model. Therefore, the straight lines should be compared to the strain
rates after 10 days of the experiment (indicated by black lines).
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Figure 10. Estimated subsidence of the Ekofisk field compared to field observations between 1971 and 1990. Average
reservoir parameters are used to make the following predictions: porosity ¢ = 37.5%, water saturation S,, = 4.5%, pore
size distribution is a Weibull distribution with shape parameter 1.5, and mean pore size r,,,,, = 2.2 pm. Pressure history
data calculated from production data are used for the predictions and are presented in the insert. Modified from
Keszthelyi et al. [2016].

We consider the experiments of Omdal et al. [2010] and Hellmann et al. [2002a] which were conducted for
chalk with different porosity distributions, using very different water saturation and effective stress condi-
tions (see marks in Figures 6¢c and 6d). Omdal et al. [2010] analyzed chalk samples from different locations:
six from outcrop at Stevns Klint, Denmark, three Kansas chalk, and two reservoir samples from the North Sea.
They applied gradually decreasing pore pressure in a uniaxial compaction configuration, and in the final state
they let samples creep. The Stevns Klint samples had a very large porosity change prior to the creep phase
of the experiments; therefore, the initial porosity values we have used in the calculations were corrected to
the changes during the depletion phase. Due to the fact that experiments on two Kansas chalk samples and
one reservoir chalk were terminated too early for long-term strain rates to be read from the diagram, these
experiments were omitted from our comparison. The remaining cores were used to make our comparison,
with the results of our prediction for the K14 outcrop, the R26 reservoir, and two representative samples from
the Stevns Klint (SKS13 and SKS20) shown in Table 2.

Since Omdal et al. [2010] did not publish the pore size distribution of their samples, we have used literature
data: the same Weibull pore size distribution with a mean of 2.2 pm as reported in Japsen et al. [2011] for some
North Sea chalk samples assuming that the depositional conditions of the samples were similar. As displayed
in Figure 6, our model is very sensitive to the pore size distribution and the lack of such information makes this
a test of the usability of a generic pore size distribution in the model. The long-term strain rates—the strain
rate at the end of the longest lasting experiments—were read from Omdal et al. [2010], and by knowing the
initial porosity, water saturation, and effective stress (using the 6, = o, — p formulation), it was possible to
calculate the predicted strain rates using our model. Table 2 shows the predicted (pressure solution controlled)
stain rates along with the measured strain rates of Omdal et al. [2010] with a reasonable agreement between
the two rates. Predicted strain rates for a range of mean pore size and effective stress values are plotted for all
experiments and compared to measured strain rates in Figure 8.

Hellmann et al. [2002a] performed triaxial tests on chalk samples from the Paris basin with horizontal stresses
being kept constant and with fluid pressures kept below 0.3 MPa.

We consider experiment L9-11 where they initially applied smaller confining stresses, then increased it to
7 MPa. In the next step they increased the temperature from 298 K to 323 K before injecting saline solution. We
calculated the measured strain rate as the slope of the strain versus time plot [Hellmann et al., 2002a, Figure 9]
around 10-20 days after the start of each experiment step (similar timescale as in Omdal et al. [2010]).
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Hellmann et al. [2002b] showed pore size distributions for the samples used in the experiments. They per-
formed mercury injection measurements. Using these pore size distributions as input parameter results in
accurate strain rate predictions, as can be seen in Table 2. The porosity is kept at 40%, while the water satu-
ration is 1. Deformation curves of the experiments compared with the constant strain rate predicted by the
model are shown in Figure 9. Our current model has no time dependence of the strain rate, whereas in reality
the compaction experiments of Hellmann et al. [2002a] show considerable work hardening which should be
included in future models.

The summary of sample properties, experimental conditions, measured strain rates, and calculated strain
rates, as well as the ratio of these two strain rates, are in Table 2. All the predictions are of the right order of
magnitude.

The compaction history of the Ekofisk field, a carbonate reservoir, was also used to test our model.
During the initial phase of oil production the reservoir pressure was considerably reduced (i.e., the effective
stress increased) and significant seafloor subsidence was observed (almost 5 m from 1971 to 1989) due to
compaction of the reservoir rocks.

We assume that compaction is homogenous within the reservoir and controlled by effective stress changes
and use fluid pressures (see insert in Figure 10) calculated from the production data to make predictions based
on our model. The details of the calculation are presented in Keszthelyi et al. [2016]. The porosity and water
saturation is taken to be equal to the average reservoir values (i.e., ¢ = 37.5% and S, = 4.5%), while we use
the same pore size distribution as in our predictions for Omdal et al.’s [2010] experiments (i.e., a Weibull dis-
tribution with shape parameter 1.5 and mean pore size r,,,, = 2.2 um). Figure 10 shows that the predictions
agree well with the observations from the Ekofisk field.

The pore size distribution data presented in Hellmann et al. [2002b] could be digitized only with large uncer-
tainty, and hence, the strain rate predictions are also associated with large uncertainties (which for small
stresses can be as high as an order of magnitude). This is most remarkable in the first phase of the Hellmann
etal’s [2002a] experiment where the effective stress is very low. The later phases, with larger effective stress,
give a good agreement with the measured strain rates. Having more reliable data on pore size distribution
will result in predictions with smaller uncertainties.

Another source of uncertainty is the choice of pressure solution model and the associated variables.
While some of the variables can be determined with larger confidence, two key parameters (the rate coef-
ficients for precipitation k, and the diffusion product DCS) are usually poorly constrained, partly because of
measurement errors and partly because these parameters are very sensitive to the exact composition of the
pore fluid and the solid. In our model, the strain rate is a linear function of these variables. However, an error
of more than an order of magnitude in the predicted strain rates is possible if the chemical composition is not
well known.

4, Discussion and Conclusion

Based on simple physical concepts, we were able to develop a micromechanical model of compaction creep
which combines microscopic fracturing and pressure solution and which upscaled to macroscopic scale
through the concept of fracture density, is able both to reproduce the magnitude of strain rates observed in
creep experiments of (partly) water-filled carbonate samples and to accurately predict the subsidence of a
producing reservoir.

The model is different from previous micromechanical models [e.g., Ashby and Sammis, 1990; Brantut et al.,
2012, 2013, 2014] in three aspects.

1.1t does not use any exact solution of fracture mechanics.

2. It does not assume any specific pore configuration but treats the pore space in a general sense: as a collec-
tion of pores having a measurable pore size distribution. This distribution is then used as an input parameter
for the model.

3.1t does not use parameters or functions derived from empirical deformation tests on the material in
question.

Furthermore, the mentioned models assume that the strain originates from subcritical crack growth, related
stress corrosion, or cataclastic pore collapse. In our model, the strain is mainly due to pressure solution.
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The reason for this is that fracturing in carbonates is eased significantly in the presence of water and
dissolution of calcite is accelerated on fresh fracture surfaces.

With these significant differences from previous models our model gives good agreement with observed
strain rates. The discrepancy between model predictions and observations may be due to uncertainties of
input parameters and the parameters used for the pressure solution description. Among the input parameters,
an accurate description of the pore size distribution is very important. Of particular importance is the tail of
this distribution since large variation in strain rate may be observed for systems with similar average pore size.
A large uncertainty in input parameters may come from the pore size distribution. The model uses an integral
of the distribution over the largest pores; therefore, to get a correct estimation of the strain rate, it is critical
to know the pore size distribution of the largest pores with high accuracy.

Another uncertainty is connected to the mechanics of fracturing. In our model we modeled pore volumes as
distinct elliptical holes in the rock. As the pore space is a mostly interconnected volume with a complex shape,
this very simple model of pore space gives a good prediction to strain rates.

Currently, our model is applied only to carbonates; however, by modifying the pressure solution description
in the model by introducing precipitation and diffusion rates relevant for quartz, it may also predict creep
strain rates in siliciclastic rocks. Since pressure solution rates are much slower in quartz, strains from poroelas-
tic effects and from mechanical effects associated with subcritical crack growth may also have an important
contribution to the total strain. Assiliciclastic analogue to the producing field of the North Sea is the Groningen
field in the Netherlands where gas is produced from a sandstone reservoir. The amplitude of the subsidence in
the Groningen field is 1 order of magnitude smaller than for the Ekofisk field. Accounting for the lower disso-
lution rate of silicates, it is possible that pressure solution triggered by microscopic fracturing is an important
mechanism also in that case.

Microstructural analysis of compacted carbonate samples could give further validation of our model. A study
by Nermoen et al. [2015] carried out on samples compacted in a brine-saturated environment shows consider-
able reworking of the microstructures due to chemical alterations during the compaction. This experimental
result supports the idea that microscopic fracturing-triggered pressure solution is an underlying mechanism
of carbonates compaction.

Appendix A: Proof for the Upscaling

Let us consider a cube with only one pore (see Figure A1). For simplicity we consider a spheroidal pore with
a rotational axis parallel to x (the demonstration is similar to more complex-shaped pore) while its center is
located at (x,, y,, Z,) point. A spheroid has a circular cross section within the z; plain; its diameter is R. The
flattening of the spheroid is g. A(x, y), a function showing the length traversed at a certain (x, y) position and
L: the average length traversed through pore space by an arbitrary line is the expected value of A(x, y). In this
particular case A(x, y) can be expressed as

(x0)+(%0)’
2-(R-R-g)\[1 - L)

it [x— x| < ’23 =yl < g
0  otherwise

AX,y) =

The expected value of A(x, y) is thus

h h

h h h h
E [/I(X,Y)] = ///l(x,y) -p(x,y) - dxdy = ///l(x,y)~ h1_2 -dxdy = IJ—Z-///I(X,y) - dxdy. (A2)
0 0 0 0 0 0

In this particular case

PR TENE
1 X—=Xo) +(Y—Yo 1 4 1
Eax.y)] = = / / 2(R-Rg) \/1 - I3 dxdy = - gnRZ(R—Rg) =17 Voore: (A3)
Xo—g Yo—g
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Figure A1. A cube with one elliptical pore. The pore has a diameter of R in both x and y directions and has a flattening
g. The arbitrary vertical line is at (x, y) position and indicated by a thick dashed line. The section within the spheroid is
shown by a continuous line and has a length A(x, y). The average length traversed through pores is then the expected

value of this function.

The last relation also applies for other more complex-shaped objects thus the average length traversed
through pores by an arbitrary vertical line

> pore*

L=E[,1(x,y)]=hl.v

Appendix B: Table of Variables

We provided a table of all variables used in the Article to ease the readability:

Table B1. List of Variables Used in the Article

Variable Description

>
S

>
o

O QN ®

-

geometric constant of diffusion
geometric constant of precipitation
dimensionless constant of the precipitation
solubility of the solid
average pore diameter/thickness, taken equal to average diffusion distance
diffusivity of ions within grain boundary fluid
expected value
grain shape factor
flattening of spheroid
energy release rate
characteristic length scale
flux of dissolution
rate coefficient for precipitation
bulk modulus of the matrix
critical pore radius

average length traversed through pore space by an arbitrary vertical line

(A4)
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Table B1. (continued)

Variable Description

M dimensionless constant of the diffusion

N number of pores

p pore fluid pressure

p(r) probability density function of pore size distribution
P(V) density function of volumetric pore size distribution
q geometric constant

r pore radius

Y] critical pore radius

R universal gas constant

S mean thickness of boundary fluid film

S water saturation

t time

T temperature

Ug elastic energy stored

U surface energy released

Zz coordination number

shape parameter for spheroids

geometric constant

Ys surface energy of the solid

£ strain rate

A scale parameter of Weibull distribution

AX,Y) length traversed through pores by a vertical line with (x, y) horizontal coordinates

u pore fluid viscosity

) porosity

p pore fluid density

Pf fracture density

c (vertical) confining stress

¢ =0, effective stress

é pressure dissolution rate

Ep pressure dissolution rate controlled by precipitation

&, pressure dissolution rate controlled by diffusion

Q molar volume of calcite
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