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Abstract: Quantifying interactions and dependencies among geometric, hydraulic and mechanical
properties of reservoir sandstones is of particular importance for the exploration and utilisation of the
geological subsurface and can be assessed by synthetic sandstones comprising the microstructural
complexity of natural rocks. In the present study, three highly resolved samples of the Fontainebleau,
Berea and Bentheim sandstones are generated by means of a process-based approach, which combines
the gravity-driven deposition of irregularly shaped grains and their diagenetic cementation by three
different schemes. The resulting evolution in porosity, permeability and rock stiffness is examined
and compared to the respective micro-computer tomographic (micro-CT) scans. The grain contactpreferential scheme implies a progressive clogging of small throats and consequently produces
considerably less connected and stiffer samples than the two other schemes. By contrast, uniform
quartz overgrowth continuously alters the pore space and leads to the lowest elastic properties. The
proposed stress-dependent cementation scheme combines both approaches of contact-cement and
quartz overgrowth, resulting in granulometric, hydraulic and elastic properties equivalent to those of
the respective micro-CT scans, where bulk moduli slightly deviate by 0.8%, 4.9% and 2.5% for the
Fontainebleau, Berea and Bentheim sandstone, respectively. The synthetic samples can be further
altered to examine the impact of mineral dissolution or precipitation as well as fracturing on various
petrophysical correlations, which is of particular relevance for numerous aspects of a sustainable
subsurface utilisation.
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1. Introduction
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Digital rock physics (DRP) provides a powerful and flexible approach to study macroscopic rock behaviour based on a micro-scale description of reservoir rocks. The numerical
core analysis comprises the computation of effective physical properties based on a highly
resolved three-dimensional representation of the rock, which is generally obtained by
micro-computer tomographic (micro-CT) imaging. Various processes can be simulated to
calculate hydraulic [1,2], mechanical [3,4], electrical [5,6] or thermal [7,8] properties. The
accuracy of the property prediction is restricted by the quality of the scanned grey-scale
images. Micro-CT techniques can not entirely resolve the complex microstructural features,
such as small pores, micro-cracks and grain-to-grain contacts [9,10]. Moreover, the image
segmentation, which includes spatial filtering, noise removal and thresholding, contributes
to the uncertainty in perfectly distinguishing grains from pores, which is a problem especially in less porous rocks [11]. Besides that, highly resolving micro-CT scanners are still
not widely available and imaging is costly and time consuming.
Generating synthetic granular rocks can overcome the aforementioned limitations at
least for sandstones. In order to reconstruct a sample, which comprises the microstructural
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complexity of a natural sandstone, a process-based method can be applied. It includes
the generation of an unconsolidated grain pack and its cementation, which geologically
correspond to the processes of deposition and diagenesis (Figure 1).

Figure 1. The microstructure of sandstones reflects the rock-forming processes involved in sediment deposition and
diagenesis. While transport and deposition determine size, shape and sorting of the grains, diagenetic processes successively
consolidate the sediment and alter its microstructure, e.g., by quartz overgrowth (blue) or grain contact cementation (orange).

Several analytical [12–14] and numerical [15–17] simulation approaches dealing with
rock property prediction commonly simplify grains or pores by assuming spherical or
ellipsoidal shapes. Nevertheless, idealised spherical particles do not depict the complex
textural and structural characteristics of natural sediments regarding grain size, sorting
and shape, reflecting the processes involved in sediment transport and deposition [18].
Only, a small number of pore-scale studies investigated the effect of non-spherical grain
packs on permeability [19,20] or elastic properties [21,22]. Torksaya et al. [20] examined
cemented sediments consisting of angular, ellipsoidal or spherical grains and found the
best agreement with hydraulic laboratory measurements for angular grain shapes. Schneider et al. [22] modelled a sand core considering complex grain shapes and showed an
excellent comparability with experimentally obtained P-wave moduli. Kerimov et al. [21]
extensively investigated the effect of particle shapes on physical properties and demonstrated that the permeability reduces by up to 76% and bulk modulus increases by up to
66% for irregularly shaped particles compared to spherical grains. They applied a discrete
element method (DEM) to simulate gravity-driven deposition of grains [23], which is also
used in this study.
Post-depositional compaction and cementation result in successive lithification of unconsolidated sediments. These diagenetic processes systematically modify the microstructure of the rock due to pressure solution, quartz overgrowth or mineral alteration. Common
computational diagenesis schemes comprise geometry-based algorithms: Uniform quartz
overgrowth as well as grain contact or pore body preferential cementation have been
examined for sandstones [17,20,24], whereas a syntaxial cement has been also investigated for granular carbonates [25,26]. The resulting microstructural changes produce
qualitative and quantitative trends among the geometric, hydraulic, and mechanical rock
properties (Figure 1).
Within the present study, three highly resolved synthetic sandstone samples are
virtually constructed, which show comparable microstructural and physical properties to
their natural equivalents: the Fontainebleau, Berea and Bentheim sandstones. The processbased approach includes gravity-driven deposition of irregular grains with specified sizes,
whereby particle shapes and size distributions are initially extracted from micro-CT scans
of the investigated sandstones. To analyse diagenetic effects on physical rock properties, the
synthetic samples are consolidated by three different voxel-based cementation approaches:
the uniform, grain contact-preferential and stress-dependent scheme. Aim of this study
is to quantify resulting changes in grain and pore morphometry as well as the evolution
of elastic moduli and permeabilities. Moreover, the results are discussed in the context
of established analytical approaches estimating elastic and hydraulic sandstone properties
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as function of porosity. In view of a virtual laboratory, the generated sandstone samples
could be further used for digital experiments to quantify the impact of mineral dissolution
or precipitation as well as fractures on petrophysical correlations, which is of particular
importance for numerous applications related to geological subsurface utilisation.
2. Material and Methods
2.1. Micro-CT Scans of the Sandstones
The synthetic sandstone samples should reflect the microstructural complexity of natural granular rocks regarding grain size and sorting as well as the pore morphology and
connectivity. Therefore, the construction of the samples is based on granulometric parameters
of three comprehensively investigated reservoir reference rocks: the Fontainebleau, Berea
and Bentheim sandstones. Grain size distributions and shapes are extracted from micro-CT
scans of these rocks and represent essential input properties to generate the synthetic samples (Section 2.3). The three sandstones are all homogeneous and have comparable ellipsoidal
grain shapes with median aspect ratios ranging between 1.6 and 1.7 (Figure 2e). However, all
three samples differ considerably in their porosity and granulometric properties (Table 1).
The micro-CT scan of the Fontainebleau sandstone (Figure 2a) is derived from the
digital rock physics benchmark of Andrä et al. [27] and has a resolution of 288 × 288 × 300
voxels with an edge length of 7.5 µm (Table 1). The medium-grained sandstone exhibits
the lowest porosity with 14.7% and highest mean grain size with 244 µm of the three investigated samples. With a sorting coefficient of 0.29, it is classified as very well sorted [28].

Figure 2. Micro-computer tomographic (micro-CT) scans of the (a) Fontainebleau, (b) Berea, and (c) Bentheim sandstones. The individual grains are coloured by their volume-equivalent diameter. (d) Grain size distributions of the three
sandstones exhibit different mean values and variances, and thus sorting. (e) Grain shape is described by the aspect ratio,
which relates the major axis of an inertia ellipsoid to its minor axis.

The digital rock samples of the Berea and Bentheim sandstones originate from a
publicly available data set [29,30], whereby cubical subsets are extracted from the initially
cylindrical micro-CT scans. The original grey-scale images are binarised using the Otsu
algorithm [31] to separate pore space and grains, whereby minor components are neglected
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and considered as quartz due to their low volumetric ratio. The examined Berea sample
comprises 6003 voxels with a resolution of 4.6 µm (Figure 2b). This fine-grained sandstone
has a mean grain size of 185 µm and a porosity of 19.6% (Table 1). With a coefficient of 0.47,
it is still well sorted, but shows a considerably broader grain size distribution than the two
other rock samples (Figure 2d). The Berea sandstone generally contains minor amounts
of feldspar, dolomite and clay [9,32].
The micro-CT scan of the Bentheim sandstone is composed of 5003 voxel with an edge
length of 4.9 µm (Figure 2c). The porosity of 23.2% represents the highest value of the three
investigated samples. The digital Bentheim sample has a mean grain size comparable to
the Berea sandstone, but exhibits a better sorting with a coefficient of 0.35 (Table 1). Besides
the main constituent quartz, it consists of small amounts of clay and feldspar [33].
Table 1. Image size, resolution and granulometric properties of the investigated micro-CT scans (Fontainebleau, Berea and Bentheim
sandstones).

Samples
Fontainebleau
Berea
Bentheim

dGrain

φ (%)

Image Size
(Voxels)

Voxel Edge
Length (µm)

(Voxels)

(µm)

14.7
19.6
23.4

288 × 288 × 300
6003
5003

7.5
4.6
4.9

32.6
39.9
37.7

244
185
185

Sorting (-)

Median
α (-)

0.29
0.47
0.35

1.64
1.72
1.71

2.2. Computation of Granulometric and Physical Rock Properties
The granular microstructure of a sandstone can be characterised by several geometrical
parameters, describing the size and shape of grains as well as the morphology of the pore
space. The granulometric rock properties are directly derived from the digital samples using
the open source software package ImageJ [34]. For the micro-CT scans, the individual grains
are initially extracted using watershed partitioning, whereby the particles of the synthetic
samples are originally labelled. The volume-equivalent diameter of the grains (dGrain ),
their sphericity and aspect ratios are calculated by means of the MorphoLibJ library [35].
The sphericity (ψ) is defined as the surface area ratio of an equal-volume sphere to the
original grain [18], while the aspect ratio (α) describes the proportion of the major to the
minor axis lengths of the inertia ellipsoid (Figure 2e). The sorting coefficient is calculated
after Folk and Ward [28] based on the grain size distribution.
The pore morphology and network are calculated using the PoreSpy package [36],
which in turn extracts individual pores by means of a watershed segmentation. The
pore space is characterised by the volume-equivalent diameter of the pores (dPore ), the
diameter of their throats (dThroat ) and connectivity, which describes the number of throats
connected to a single pore. Similarly, the coordination number is defined as the number
of contacts to neighbouring grains and dContact as the equivalent diameter of a contact.
These parameters are calculated by the grain network using the grain-labelled images as
input, since Cook et al. [37] found excellent correlations between elastic properties and
the number and length of grain contacts. Unless otherwise stated, the given geometrical
parameters are mean values considering all pores, throats or grains of the respective sample.
The effective elastic properties of the virtual sandstone samples are calculated using
a parallel version [38] of the well-established static finite element method of Garboczi
and Day [39]. This approach treats each voxel of the three-dimensional image as a trilinear element. A small uniform strain is imposed on all voxels, while periodic boundary
conditions are applied at each boundary of the microstructure. The resulting strains and
stresses are calculated by minimising the elastic energy using a fast conjugate-gradient
method [38]. Finally, the effective bulk and shear moduli of the sample are computed based
on the average stress tensor. The numerically simulated properties refer to a dry sandstone
as in Andrä et al. [27]. Hence, the stiffness of quartz is assigned to the grains considering
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37 GPa and 44 GPa for bulk and shear modulus [40], respectively, while both moduli are
set to zero for pore voxels.
In order to determine the absolute permeabilities of the virtual sandstone samples,
pore-scale fluid flow is simulated using the OpenFOAM software package [41]. The finite
volume-based implementation solves the simplified Stokes equations, assuming a steadystate flow with dominating viscous forces and an incompressible fluid [42]. At the inlet
and outlet, constant pressure boundaries are applied, whereas for the internal grain walls
and the remaining model boundaries no-slip conditions are assumed as documented by
Raeini et al. [43]. Based on the volume average of the velocity field, the permeability (k)
is calculated in the direction of flow. The full permeability tensor is obtained by three
simulation runs in the respective flow directions. Unless otherwise stated, all permeability
values refer to the average of the three components kx , ky and kz . The presented approach is
known to compute permeabilities, which are in the range of those determined by laboratory
measurements at larger scales [44,45], presuming a sufficient resolution of the digital image.
Saxena et al. [46] demonstrated that the ratio of sample length to dominant grain size
should be ≥5 to provide reliable estimates for the permeability. For the investigated microCT samples, this criteria is fulfilled by ratios of 9, 15 and 13 for the Fontainebleau, Berea
and Bentheim sandstones, respectively.
2.3. Construction of the Unconsolidated Synthetic Samples
In order to build realistic unconsolidated sediments, the deposition of grains with
specified shape and size distributions is simulated by means of a discrete element method
(DEM). This robust approach considers interactions between discrete objects [47] and
is commonly used in the context of soil mechanics and geotechnical studies. Since the
individual grains are successively deposited under the influence of gravity, the natural
sedimentation process is simulated.
The DEM approach developed by Al Ibrahim et al. [23] is applied in this study, since
it offers the possibility to implement irregularly shaped convex particles. This is a major
advantage, because simplified spheres or ellipsoids generally do not reflect the granulometric
characteristics of a natural sandstone. The irregularly shaped grains are generated by stochastically perturbing regular shapes by means of a three-dimensional correlated Perlin noise [48],
whereby the volume of the underlying regular particles is conserved. Since each particle has a
separate realization of Perlin noise, the individual grains all differ in shape. Moreover, the
selected amplitude of the noise defines the strength of perturbation, and thus offers a good
approximation for natural shapes of sub- to well-rounded grains. A detailed explanation
of the sedimentation tool and the specific steps is given in Al Ibrahim et al. [23]. The basic
input parameters to generate the synthetic sediments are the grain size distribution and aspect
ratio, which determines the ellipsoidal grain shape. For the three investigated sandstones,
these properties are introduced in Section 2.1 (Figure 2d,e). Moreover, a Perlin noise of 0.75 is
used to generate irregularly shaped particles, since elastic and hydraulic parameters remain
almost constant for higher amplitudes of Perlin noise [21]. In total 4000 quartz grains with a
density of 2650 kg/m3 are deposited under influence of gravity into a rectangular box with a
height to width ratio of 1.1 (Figure 3a). A friction coefficient of 0.3 is assumed between individual particles as in Sain et al. [15] or Zhang and Makse [49]. To determine the granulometric
properties of the generated sediment and avoid an additional watershed grain separation, all
grains are labelled.
In order to compute physical properties, the geometry of the sediment is converted
to a rectangular, uniform grid representing the synthetic micro-CT scan (Figure 3b). For
comparability purposes, image resolutions of the synthetic samples should be similar to
those of the micro-CT scans. Therefore, the respective image sizes are estimated by the
number of grains and their average voxel diameter. Finally, a buffer layer of 0.75 dGrain is
cropped from the sample to reduce edge effects due to the significantly higher porosities
near the boundaries (Figure 3c).
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Figure 3. The workflow for constructing a synthetic sediment comprises (a) the gravity-driven deposition of
4000 grains, (b) the spatial discretisation of the sample for simulation purposes and (c) the removal of the highly porous
boundary layer of 0.75 dGrain .

2.4. Cementation of the Synthetic Sandstone
The diagenetic lithification of unconsolidated sediments mainly comprises mechanical compaction and cementation most commonly by silica, carbonates or clay [50]. The
diagenetic processes can be complex and generally depend on the respective geological
conditions like rate of burial, heat flow, sediment composition, biological activity, chemistry of pore-fluids, and include dissolution, recrystallisation, mineral replacement or
cracking [50,51]. However, compaction of the synthetic sediment is not considered, since
Sain [24] demonstrated that the diagenetic trends in elastic rock properties depend less
on initial compaction than on cementation. Moreover, the porosity loss through compaction alone is limited [51,52] and the unconsolidated samples are already densely packed,
exhibiting porosities of around 35% (Table 2).
Table 2. Granulometric, hydraulic and mechanical properties of the three unconsolidated synthetic sandstones (Fontainebleau, Berea
and Bentheim).

Samples
Fontainebleau
Berea
Bentheim

Size
(Voxel)

φ (%)

Connectivity
(-)

k
(10−12 m2 )

kv /kh
(-)

Coordination
Number (-)

K
(GPa)

G
(GPa)

4203
5503
5103

35.8
35.1
35.9

7.7
7.5
7.6

28.5
18.2
18.8

0.91
0.88
0.89

6.2
6.1
6.1

6.1
5.2
5.1

6.1
5.1
5.2

Hence, the three voxel-based lithifying schemes comprise a uniform, a grain contactpreferential and a stress-dependent cementation of the synthetic sediment. Uniform and
grain contact-preferential cementation are implemented as purely geometrical concepts
as in Torskaya et al. [20]. In order to determine grain contacts, an euclidean distance map,
which defines the distance to the nearest grain voxel, is multiplied by a local thickness map,
where narrow throat regions are found by maximum inscribed spheres [53]. The iterative
stress-dependent scheme combines the cementation of grain contacts and uniform overgrowth (Figure 4a). At first, the stress distribution is calculated within the sample. Then,
local stress peaks are defined as regions comprising the 10% highest stresses (≥90th percentile). The neighbouring grain-lining voxels of these stress peaks are converted from pore
space to grains, which effectively cements grain contacts. The sediment is successively consolidated, whereby particularly during the first iterations the stress gets relatively evenly
distributed (Figure 4b) and the threshold substantially increases. The stress-dependent
cementation stops, when the stress peak-defining threshold (10% highest stresses) does not
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change by more than 5% relative to that of the previous iteration (Figure 4c). This ensures
a more realistic distribution of the loads at grain contacts. This criterion is achieved after
a porosity reduction of 2.4%, 2.5% and 2.8% by volume for the Fontainebleau, Berea and
Bentheim samples, respectively. Afterwards, the synthetic sample is uniformly cemented
until the target porosity is reached.

Figure 4. Schematic workflow of the stress-dependent cementation process: (a) Stress peaks (red) are determined by
triaxial compression and the grain-lining voxels in their vicinity (yellow) are iteratively cemented until the stress criterion
is met. Afterwards, the sample is uniformly cemented until the pre-defined porosity is achieved. (b) Evolution of the
normalised stress distribution and (c) changes of the stress peak-defining threshold with decreasing porosity for the synthetic
Fontainebleau sample. The stress criterion is met, when the threshold changes by less than 5% (red line).

The samples of the Fontainebleau, Berea and Bentheim sandstones are successively
consolidated by the three cementation schemes until the porosity of the respective sandstone is achieved. The cement is assumed to have the same properties as the grains, since
the three investigated sandstones predominantly consist of quartz and the cemented phase
is not separately resolved in the micro-CT scans. Moreover, silica is the most important
porosity-reducing cement in sandstone reservoirs [54], and commonly occurs as grain
rimming overgrowth [37].
3. Results
Synthetic samples of the Fontainebleau, Berea and Bentheim sandstones are generated
by means of a process-based approach, which comprises the gravity-driven deposition
of irregular grains and their consolidation by three different cementation schemes. In the
following, the physical properties of the different unconsolidated grain packs are described.
Moreover, evolving diagenetic trends in granulometric and elastic properties as well as
pore morphologies and permeabilities are comprehensively examined.
3.1. Unconsolidated Sediments
The synthetic samples have different model sizes, which range between 4203 and 5503
voxels (Table 2), since resolutions of the respective micro-CT scans are assigned to the generated samples for comparability purposes. The porosities of the unconsolidated sediments
are similar, but exhibit slightly higher values of 35.8% and 35.9% for the very-well sorted
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Fontainebleau and Bentheim samples, respectively. With a porosity of 35.1% the Berea
model is somewhat denser packed due to the broader grain size distribution (Table 1). An
average pore of the three synthetic sediments is connected by 7.5 up to 7.7 throats (Table 2).
Despite the similar connectivities of the pore network, the Fontainebleau sample shows
a higher permeability with 28.5 × 10−12 m2 , which is related to the higher mean grain
size (Table 1). For all synthetic samples, the horizontal permeability (kh ) is notably higher
than the vertical one (kv ), which is reduced by 9%, 12% and 11% for the Fontainebleau,
Berea and Bentheim sandstones, respectively. This difference in vertical permeability is
also observed for the micro-CT scans of the sandstones with around 12% for all of them.
A single grain of the unconsolidated sediments has on average between 6.1 and
6.2 contacts (Table 2). Bulk and shear moduli are almost identical for each particular
synthetic sample. The Fontainebleau sediment has a bulk modulus of 6.1 GPa, whereby the
Berea and Bentheim samples exhibit slightly lower moduli of 5.2 and 5.1 GPa, respectively.
3.2. Rock Stiffening and Granulometry
The grain size distributions of the synthetic samples are in good agreement with
the respective micro-CT scans. Depending on the cementation scheme, the average grain
diameter deviates in maximum only by 0.7%, 0.8% and 0.4% for the Fontainebleau, Berea
and Bentheim samples, respectively (Table 3). The employed cementation schemes lead
to contrasting spatial alteration patterns, whereby different diagenetic trends are established. These developments are comparable for the three investigated sandstones and
only marginally affected by the porosities and stiffnesses of the unconsolidated sediments.
Hence, the diagenetic trends for three cementation approaches are exemplarily described
for the Fontainebleau sample, since it comprises the greatest reduction in porosity, and
thus the largest data range.
The grain contact-preferential cementation scheme leads initially to a rapid stiffening
of the sample with small changes in porosity due to the rigorous filling of contacts. This is indicated by the coordination number which increases to 7.4 at a porosity of 32.8% (Figure 5b).
The mean diameter of the contacts is doubled from 35 µm to 69 µm (Figure 5c), which
also results in a doubling of the bulk modulus to 12.6 GPa (Figure 5a). Subsequent cementation leads to a less steep linear increase in elastic properties. For the target porosity
of the Fontainebleau sample (φ = 14.7%), the contact-preferential cementation exhibits the
greatest number of grain contacts and the highest bulk modulus of the three diagenetic
schemes with 25.6 GPa (Table 3).
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Table 3. Mechanical and related granulometric properties of the micro-CT (µCT) scans and the synthetic sandstone samples cemented
by the three different schemes (U, C, S).

K
(GPa)

Deviation
(%)

G
(GPa)

Deviation
(%)

dGrain
(µm)

Coordination
Number (-)

dContact
(µm)

Fontainebleau

µCT
U
C
S

24.2
23.6
25.6
24.0

−2.3
+5.6
−0.8

26.6
25.9
27.9
26.2

−2.6
+5.2
−1.4

244.5
246.3
246.3
246.2

9.3
8.9
9.5
9.0

90
96
102
101

Berea

µCT
U
C
S

20.6
18.7
21.5
19.6

−9.4
+4.3
−4.9

21.8
20.0
22.9
20.7

−8.3
+5.0
−4.7

184.7
186.0
186.2
186.1

10
8.2
8.9
8.3

66
66
72
73

Bentheim

µCT
U
C
S

17.7
15.6
19.2
17.3

−11.9
+8.4
−2.5

17.9
16.5
20.1
17.9

−8.0
+11.8
−0.6

184.6
185.2
185.4
185.4

8.6
7.8
8.5
7.9

64
60
69
71

Samples

µCT—Micro-CT scan, U—Uniform cement, C—Grain contact cement, S—Stress-dependent cement

Figure 5. Evolution of mechanical and related granulometric properties for the micro-CT scans
and the synthetic samples cemented by the uniform (blue), contact-preferential (orange) and stressdependent scheme (red). (a) Diagenetic trends in bulk moduli for the three investigated sandstones.
(b) Changes in coordination number and (c) grain contact diameter as well as (d) spatial cementation
patterns at porosities of 32.8% and (e) 14.7% for the Fontainebleau sample.
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A uniform cementation around the grains evenly alters the pore space. For the compared porosity of 32.8%, an average grain has 6.6 contacts (Figure 5b) with a mean contact
diameter of 48 µm, only (Figure 5c). Hence, the bulk modulus of 8 GPa is considerably
lower than for the contact-preferential cementation (Figure 5a). The almost linear increase
in bulk moduli illustrates the uniform alteration of the sandstone (Figure 5d). At the final
porosity of 14.7%, the coordination number as well as the contact diameter are lower than
for the two other diagenetic schemes with 8.9 and 96 µm, respectively. Consequently,
the uniform cementation pattern produces the weakest synthetic sandstone sample with
23.6 GPa, only.
The stress-dependent approach leads to a strong initial stiffening, which coincides
with the purely geometric contact cementation, since it also leads to a preferential mineral
growth between grain contacts (Figure 5d). At the porosity of 32.8%, this scheme exhibits
a lower coordination number of 7.0 (Figure 5b), but a higher average contact diameter
of 74 µm (Figure 5c) than the contact cementation approach. This indicates a more effective
stiffening of the respective contacts, since the bulk modulus is also almost doubled to
12.1 GPa. The change from a stress-dependent contact cementation to a uniform mineral
growth results in a suddenly reduced bulk moduli increase (Figure 5a). At the porosity
of 14.7%, there are little differences in the spatial cement distribution of the uniform
and stress-dependent consolidated samples, only (Figure 5e). Nevertheless, the stressdependent scheme has a slightly higher coordination number of 9.0 and a substantially
larger contact diameter of 101 µm. The calculated bulk modulus of 24 GPa is in very good
agreement with that determined for the micro-CT scan.
Only the stress-dependent cementation scheme produces synthetic sandstone samples
with elastic properties comparable to the respective micro-CT scans of the Fontainebleau,
Berea and Bentheim sandstones. A successive contact cementation considerably increases
the coordination number and produces substantially stiffer samples, whereby bulk and
shear moduli are up to 8.4% and 11.8% higher than those of their natural equivalents
(Table 3). By contrast, uniform mineral growth leads to a lower number of grain contacts,
and consequently to an underestimation particularly at higher porosities, which amount to
11.9% and 8.3% in maximum for bulk and shear moduli, respectively. The stress-dependent
scheme combines both approaches resulting in comparable elastic properties of the synthetic samples and the micro-CT scans (Figure 5a), whereby bulk moduli only slightly
deviate by 0.8%, 4.9% and 2.5% for the Fontainebleau, Berea and Bentheim sandstones,
respectively (Table 3).
The spatial stress distributions within the sandstone samples visualise the differences
between the three cementation schemes. Generally, high stresses occur very localised,
since the 10% of the voxels comprising the highest stresses (>90th percentile) cover about
92% of the entire data range (Figure 6c). The contact-preferential cemented samples
exhibit on average higher stresses than the micro-CT scans, since the grain contacts are
enhanced (Figure 6a). Consequently, the loads at the contacts are more distributed, which
results in a stiffer microstructure (Figure 6b). By contrast, the grain contacts are comparably
less cemented and the stresses more localised in case of uniform mineral growth. Thus, the
entire microstructure behaves weaker. The stress-dependent combination of contact-cement
and quartz overgrowth produces a sample, for which the stress distribution is in good
agreement with the micro-CT scan (Figure 6c).
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Figure 6. Microstructures and related changes in the stress distribution and pore network of the synthetic Bentheim samples
compared to the respective micro-CT scan. (a) Cementation patterns of the uniform (blue), contact-preferential (orange)
and stress-dependent scheme (red). The grains of the 2003 voxel subsets are coloured by (c) normalised stress. (d) The
connectivity is illustrated by the pore network of the 4003 voxel subsets, whereby the throats are coloured by (e) their
respective diameters.
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3.3. Permeability Evolution and Pore Morphology
The three applied diagenetic schemes lead to particular trends in permeability, whereby
the differences resulting from the cementation approaches are less pronounced, than those
for the elastic rock properties. The calculated porosity-permeability relations are marginally
affected by the initial porosities or hydraulic parameters of the unconsolidated sediments,
even though the Fontainebleau sample exhibits higher permeabilities due to its larger grain
size (Figure 7a). The diagenetic trends for three cementation approaches are exemplarily
described for the Fontainebleau sample, since it comprises the highest reduction in porosity.
Contact-preferential cementation initially causes slightly higher permeabilities than
uniform mineral growth. Nevertheless, the successive filling of grain contacts implies
a progressive clogging of throats, resulting in the highest observed permeability decrease (Figure 7a). At the final porosity of 14.7%, the number of initial pores and throats
decrease by 4% and 70%, respectively, which exhibits the highest reduction of all scenarios (Figure 7b). Particularly smaller throats are clogged, whereby throats larger than
50 µm are unaffected by successive cementation (Figure 7c). Consequently, the contactpreferential cemented sample shows the highest median throat size of the investigated
cementation schemes with 27.3 µm (Table 4), but simultaneously the lowest connectivity
of 2.3 (Figure 7d). The mean sphericity of 0.83 is slightly higher and less disperse than the
one determined for the micro-CT scan of 0.81 (Figure 7e).
The uniform cementation of the synthetic sample leads to a continuous decrease
in permeability (Figure 7a). At the porosity of 14.7%, the number of pores is slightly
reduced by 0.2% (Figure 7b). Independent of their size, 47% of the initial throats are
clogged (Figure 7c). This results in the lowest median throat size and highest pore network
connectivity of all cementation scenarios (Figure 7d). Both the throat diameter of 19.9 µm as
well as the connectivity of 4.1 are in excellent agreement with the values extracted from the
micro-CT scan (Table 4). However, the sphericity of the synthetic sample is considerably
higher with 0.84 than that of its natural equivalent (Figure 7e).

Figure 7. Evolution of hydraulic and related geometric properties for the three synthetic samples cemented by the
uniform (blue), contact-preferential (orange) and stress-dependent scheme (red). (a) Diagenetic trends in permeability for
the three investigated sandstones. (b) Pore and (c) throat diameters, (d) connectivities as well as (e) grains sphericities for
the three cementation scenarios (coloured lines), and the micro-CT scan of the Fontainebleau sandstone (grey-filled) at a
porosity of 14.7%.
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The stress-dependent approach initially produces permeabilities, which are similar to
the contact-preferential cementation scheme (Figure 7a). However, the successive porosity
reduction leads to a permeability decrease equivalent to the uniform approach due to the
respective change in the cementation pattern. Consequently, the geometric parameters
of the stress-dependent cemented sample are comparable to that of the uniform pattern:
the number of pores is reduced by 0.6% at a porosity of 14.7% (Figure 7b), while 48% of the
initial throats are clogged (Figure 7c). The connectivity of the synthetic sample is slightly
lower with 4.0 and the median throat diameter slightly higher with 20.6 µm than that of
the micro-CT scan. Moreover, it shows the best agreement in grain shape with a mean
sphericity of 0.81 (Figure 7e).
Both the uniform and the stress-dependent scheme produce synthetic samples with
equivalent pore morphologies as the respective micro-CT scan of the Fontainebleau sandstone, resulting in comparable permeabilities with a slight overestimation of 7% and 10%,
respectively (Table 4). By contrast, the contact-preferential approach considerably underestimates the permeability by up to 65%. For the Bentheim sandstone, the synthetic
samples exceed the permeability by 16% to 43% due to significant differences in the pore
network: the pores of the uniformly cemented sample are notably better connected with an
average connectivity of 5.7 compared to 4.6 (Figure 7d). Even tough a contact-preferential
cementation exhibits a lower value than the respective micro-CT scan with 4.3 throats
associated to a pore, the remaining throats have a substantially larger diameter of 25.5 µm
due to the progressive closure of smaller throats (Figure 7e). The stress-dependent scheme
combines both approaches and results in a connectivity of 5.4 with an average throat
diameter of 22.4 µm.
Moreover, the pore space of the synthetic Berea sandstone samples is either better
connected than those of the respective micro-CT scan (uniform and stress-dependent
approach) or exhibit a significantly higher throat diameter (contact-preferential scheme).
The resulting permeabilities are overestimated by up to a factor of 2.2 in case of the
stress-dependent scheme (Table 4). Major differences further arise in grain sphericity,
which is described by the surface area ratio of a regular sphere to the original grain
and is thus an indicator for grain shape and surface roughness. The stress-dependent
cemented samples are used in the following to compare the sphericities of three different
sandstones, since these show the best agreement regarding the mean value and spread
of the distribution (Figure 7e).
Table 4. Hydraulic and related geometric properties of the micro-CT scans (µCT) and synthetic sandstone samples cemented by the
three different schemes (U, C, S).

k
(10−12 m2 )

Samples

Deviation (%)

Median
dThroat (µm)

Connectivity (-)

ψ (-)

Fontainebleau

µCT
U
C
S

1.14
1.22
0.40
1.25

+7
−65
+10

19.9
19.9
27.3
20.6

4.1
4.1
2.3
4.0

0.81
0.84
0.83
0.81

Berea

µCT
U
C
S

1.26
2.68
2.06
2.75

+113
+63
+118

17.1
18.9
22.9
19.6

4.2
5.0
3.6
4.9

0.73
0.84
0.83
0.81

Bentheim

µCT
U
C
S

3.58
4.74
4.15
5.12

+32
+16
+43

21.4
20.8
25.5
22.4

4.6
5.7
4.3
5.4

0.77
0.85
0.83
0.81

µCT—Micro-CT scan, U—Uniform cement, C—Grain contact cement, S—Stress-dependent cement
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All stress-dependent synthetic sandstone samples exhibit a similar distribution in
sphericity and have the same mean value of 0.81 (Table 4). For the Fontainebleau sandstone, this value matches that one of the micro-CT scan, whereas the sphericities of the
natural Berea and Bentheim samples are considerably lower with 0.73 and 0.77, respectively (Figure 8a). Especially the Berea sample comprises several granulometric irregularities such as cracked grains, degraded feldspars or carbonate cement patches (Figure 8b),
which produce lower grain sphericities (Figure 8c), and are not considered in the synthetic
samples.

Figure 8. (a) Distribution of grain sphericities for the Fontainebleau (magenta), Berea (green) and Bentheim sandstones
(blue). (b) Micro-CT scan of the Berea sandstone shows granulometric irregularities such as cracked grains, degraded
feldspars or carbonate cement patches, which affect the (c) sphericity of the watershed segmented grains and are not
included in the synthetic samples.

4. Discussion
4.1. Cementation Scheme to Construct a Synthetic Sandstone
The results clearly demonstrate that a purely uniform cementation does not reflect a
natural sandstone evolution. It leads to systematically lower bulk and shear moduli compared to the micro-CT scans, which is particularly noticeable at higher porosities as for the
Bentheim sample. The main reason for this discrepancy is the lack of a preferential contact
stiffening. This is indicated by the number of grain contacts and their average diameter,
which are lower here than for the other cementation scenarios (Section 3.2). Even though
the evolving pore network and permeability decrease are similar to the stress-dependent
approach, the resulting sphericity of the grains is comparatively high (Section 3.3).
The contact-preferential cementation scheme leads to considerably stiffer synthetic
sandstones compared to their natural equivalents (Section 3.2), since it considers the
initially strong increase in bulk and shear moduli due to successive filling of grain contacts.
Moreover, the preferential contact cementation implies the progressive closure of throats,
resulting in a strong decrease in permeability and an unrealistic pore network with fewer
but larger throats (Section 3.3). Bearing in mind that this is a purely geometrical scheme,
it still offers a good approximation for contact cementation at high porosities, which is
comparable to the iteratively computed cementation around stress peaks.
The stress-dependent cemented samples exhibit granulometric and elastic rock properties, which are in good accordance with the respective micro-CT scans and show consistent
permeabilities, at least for the Fontainebleau sandstone. This approach combines both:
an initial grain contact cementation until the stress at the contacts is relatively evenly
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distributed, followed by a uniform quartz overgrowth. The overestimation of the permeabilities for the Berea and Bentheim samples can be related to granulometric irregularities as, e.g., cracked grains, degraded feldspars, carbonate patches or throat-clogging
clays (Figure 8b), which considerably affect the morphology of the pore space. The successively lower sphericities of 0.77 for the Bentheim and 0.71 for the Berea sandstone can be associated to the permeability overestimation by a factor of 1.4 and 2.2, respectively (Table 4).
The sphericities are at least an indicator for the granulometric heterogeneities, which are in
turn the result of more complex diagenetic processes and beyond the scope of the present
study.
For the synthetic samples, bulk and shear moduli can be associated with the number
of grain contacts and their respective diameters. As demonstrated by Cook et al. [37],
these parameters indicate that a greater number of long contacts effectively distributes
stress and enhances the sample stiffness. However, especially the micro-CT scans of the
Berea and Bentheim sandstones have considerably higher coordination numbers than the
synthetic samples. Granulometric irregularities, which are not considered in the synthetic
sandstones, can explain the difference in coordination number and contact diameter to the
natural samples. Moreover, irregular shapes reduce the quality of watershed-based grain
separation, and thereby can cause a higher number of grain contacts. By contrast, grains
of the synthetic samples are initially labelled, therefore the calculated contact number is
more reliable, since it does not depend on image quality.
4.2. Comparison to Analytical Approaches
Digital rock physics is known to quantify changes in elastic rock moduli with an increased accuracy compared to effective medium approaches as, e.g., the Hashin-Shtrikman
bounds [12], since these depict the microstructural complexity of the rock [55]. In order to improve the theoretical estimations, Dvorkin and Nur [56] introduced a contactcement model, which captures the strong stiffness increase with small changes in porosity,
as cement is added solely at the contacts of spherical particles. Their model is used to
predict elastic properties of soft sediments and high-porosity sandstones [56,57]. To describe the diagenetic stiffening trend over a broad range of porosities, the contact-cement
scheme is combined with the stiff-sand model [40,57], which represents a modified upper Hashin-Shtrikman bound [12] connecting the pure mineral endpoint with the cemented sand-pack. The effective bulk (Ke f f ) and shear moduli (Ge f f ) are calculated by
Equations (1) and (2), respectively.
"
#
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(2)

where KCM and GCM are the effective bulk and shear moduli, respectively, calculated by
the contact-cement model assuming a random pack of identical spheres with nine grain
contacts and a critical porosity (φc ) of 36%. Contact cementation is calculated up to a
porosity of 30%, followed by the uniform grain enlargement determined by the stiff-sand
model (Figure 9b).
As expected, the simple Hashin-Shtrikman upper bound clearly overestimates the bulk
moduli by up to a factor of 4.2 for the unconsolidated sediments (Figure 9a). By contrast,
the combination of the analytical contact-cement and stiff-sand models shows a diagenetic
trend analogous to the simulated stress-dependent cementation scheme (Figure 9a). The
slight differences of 13% in maximum can be explained by the variations in grain size,
sorting and shape of the synthetic samples as well as the stress peaks definition of the
voxel-based cementation scheme.
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To estimate the permeability of a sediment depending on porosity and particle size,
the Kozeny–Carman [58,59] relation is often used (Equation (3)).
k=

ψ2 d2Grain
φ3
,
180 (1 − φ2 )

(3)

where dGrain is the average grain diameter and ψ the sphericity, which is assumed to be 1
for an ideal sphere pack. Generally, the uniform as well as the stress-dependent scheme
produce a comparable trend of the porosity-permeability relation as the Kozeny–Carman
approach with the same grain size (Figure 10a). Again, slight differences can be related
to the microstructure of the analytical sphere pack and realistic variations in grain size,
sorting and shape of the synthetic sample.

Figure 9. Evolution of the bulk modulus for the three synthetic samples cemented by the uniform (blue), contactpreferential (orange) and stress-dependent scheme (red) (a) compared to analytical solutions (black) as the Hashin-Shtrikman
upper bound (HS+) and the combined contact-cement and stiff-sand model (CS). (b) Bulk moduli between porosities of 30%
and 36% are calculated by the contact-cement model [56], while the stiff-sand model is applied for porosities below 30%.

Figure 10. (a) Permeability evolution of the three synthetic samples cemented by the uniform (blue), contact-preferential (orange) and stress-dependent scheme (red) compared to the Kozeny–Carman approach (black) for different grain diameters.
(b) Cross-trends for permeability and bulk modulus emphasise the requirement for the stress-dependent scheme combining
initial contact cementation and subsequent quartz overgrowth.

The general accordance with the analytical contact-cement model as well as the
Kozeny–Carman approach confirms that the stress-dependent cementation scheme is
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able to produce realistic changes in microstructure and physical rock properties over a
wide range of porosities. Plotting the cross-trends for permeability and bulk moduli
clearly illustrates the fundamental differences in the diagenetic steps, captured by the
stress-dependent scheme, only: the initial cementation of grain contacts strongly stiffens
the sediment, but has only a limited effect on its hydraulic behaviour (Figure 10b). The
subsequent quartz growth equally affects permeabilities as well as elastic properties.
4.3. Advantages and Opportunities of Synthetic Sandstones
The presented process-based approach offers the possibility to generate highly resolved synthetic sandstones by simulating the gravity-driven deposition of irregular grains
as well as their diagenetic consolidation. The use of synthetic samples can overcome major
limitations and common error sources of micro-CT scans, since the different rock components are initially labelled and do not need to be extracted by segmentation and image
processing. In contrast to micro-CT images, the resolution of the synthetic sample is definable and can be increased to properly depict microstructural features such as small pores
and grain contacts. This is of particular importance for an accurate computation of rock
stiffness [60], which is often consistently higher than in laboratory-measurements [9], especially for more porous and less consolidated samples [61]. An improvement of the
image resolution is limited by the computational power and requires a balance of benefits.
Nevertheless, a subset of the synthetic sample can be used to quantify the effect of grain
contact resolution [21]. Moreover, softer material moduli for the amorphous cemented
phase [15] or solely the pressure sensitive grain contacts [62] can be used to further improve
the elastic property prediction and reduce an overestimation.
In the field of digital rock physics, macroscopic rock properties are studied based
on a microstructural representation of the granular rock. A direct upscaling to reservoir
scale is still controversial, since larger scale heterogeneities as fissures, fractures or facies
changes are not taken into account. Nevertheless, the synthetic sandstone samples have the
potential to overcome the requirement to simplify pores or grains by spheres or ellipsoids.
The latter is a common assumption in many analytical solutions predicting petrophysical
properties, neglecting substantially mechanical aspects of natural grain shapes, sizes and
arrangements.
The simulated diagenetic cementation systematically modifies the microstructure of
rocks and allows to quantify trends among the geometric, hydraulic and mechanical rock
properties, subsequently affecting the reservoir quality. Using a synthetic sample provides
further the opportunity to investigate various compositions of the grains (e.g., quartz,
feldspar, granular carbonates) or the cemented phase (e.g., silica, carbonate, clay) to assess
their effect on physical rock properties. Moreover, the approach generally enables to alter
the microstructure and focus on granulometric irregularities as cracked grains, carbonate
patches or throat-clogging clays, which would additionally improve the permeability
prediction of reservoir sandstones as the Berea or Bentheim samples.
The results clearly demonstrate that the granulometric, elastic and hydraulic properties of the synthetic sandstones are in good agreement with their natural equivalents,
especially in case of the Fontainebleau sample. Hence, the presented approach allows
to efficiently generate sandstone samples over a broad range of porosities with any desired size, sorting and shape of convex grains. In view of a virtual laboratory, these
generated synthetic samples can be further altered to examine the impact of mineral dissolution [63,64] or precipitation [65,66] as well as synthetic fractures [67,68]. Hence, the
understanding of various petrophysical correlations can be improved by this cost-effective
digital approach. Quantifying the impact of different pore-scale processes on hydraulic
and mechanical reservoir properties is of particular importance for numerous applications related to geological subsurface utilisation, including geothermal systems [69,70],
energy storage [71,72], hydrocarbon reservoirs [73,74], nuclear waste disposal [75,76] or
groundwater resources [77,78].
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5. Conclusions
In the present study, micro-CT scans of three reservoir sandstones are reconstructed by
a process-based method, which includes the gravity-driven deposition of irregular grains
as well as their diagenetic cementation. Therefore, the shapes and size distributions of
the grains are extracted from the respective micro-CT scans, whereby three voxel-based
approaches are applied to consolidate the deposited synthetic sediments: a uniform, grain
contact-preferential and stress-dependent scheme. The resulting highly resolved synthetic
samples of the Fontainebleau, Berea and Bentheim sandstones comprise porosities of 14.7%,
19.6% and 23.4%, respectively.
The employed cementation schemes systematically alter the microstructure, which results in contrasting diagenetic trends in geometrical, transport and mechanical parameters.
A uniform quartz overgrowth continuously alters the pore space resulting in systematically
lower elastic properties compared to the natural samples. This is particularly noticeable
for higher porosities, since grain contacts are comparably less cemented and the stresses
are more localised. By contrast, a successive grain contact cementation initially leads
to a rapid stiffening of the sample with small changes in porosity. The rigorous filling
of contacts implies a progressive clogging of particularly smaller throats, resulting in an
unrealistic low-connected pore network and a strong decrease in permeability. Moreover,
contact-preferential cemented samples are considerably stiffer than the respective micro-CT
scans. The stress-dependent scheme combines both approaches of contact-cement and
quartz overgrowth. It comprises also a strong initial stiffening, since mineral growth
around stress peaks effectively cements grain contacts. For the Fontainebleau sample, the
bulk modulus is doubled to 12.1 GPa at a porosity reduction of 2.4%. This initial contact
stiffening, followed by a uniform alteration of the microstructure, is essential to produce
samples with equivalent granulometric and elastic properties as the respective micro-CT
scans. Bulk moduli only slightly differ by 0.8%, 4.9% and 2.5% for the Fontainebleau, Berea
and Bentheim sandstones, respectively. Moreover, with a deviation of 10% the permeability
and pore network are in a good agreement at least for the Fontainebleau sandstone. The
synthetic Berea and Bentheim samples are considerably better connected and exhibit higher
permeabilities, since these are not considering granulometric irregularities of the respective
micro-CT scans such as cracked grains, degraded feldspars or carbonate cement patches.
The presented process-based approach is able to produce highly resolved synthetic
samples, comprising the microstructural complexity as well as hydraulic and elastic properties of representative natural sandstones. Thus, a variety of synthetic samples can be
efficiently generated over a broad range of porosities, considering any desired size, sorting
and shape of grains. The generation of sandstone samples can further overcome major limitations of micro-CT scans, such as the resolution of complex microstructural features, and
further minimise common error sources related to image processing and filtering. Moreover, the synthetic samples can be altered by virtual experiments, offering a cost-effective
way to examine the impact of, e.g., precipitation or dissolution as well as fracturing on
various petrophysical correlations. Thereby, the evolution of physical properties can be
determined for specific processes and granular rocks. Hence, the presented method has
the potential to overcome the requirement of simplifying pores and grains to spheres or
ellipsoids, which is the case for numerous analytical approaches. An accurate quantification of the evolving trends among geometric, hydraulic and mechanical rock properties is
of particular importance to improve the predictive capabilities of reservoir models, and
thereby contributes to a sustainable exploration and utilisation of the geological subsurface.
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