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Abstract: Understanding geomechanical properties of rocks at multiple scales is critical and relevant
in various disciplines including civil, mining, petroleum and geological engineering. Several upscaling
frameworks were proposed to model elastic properties of common rock types from micro to macroscale,
considering the heterogeneity and anisotropy in the samples. However, direct comparison of the results
from different upscaling methods remains limited, which can question their accuracy in laboratory
experiments. Extreme heterogeneity of natural rocks that arises from various existing components in
them adds complexity to verifying the accuracy of these upscaling methods. Therefore, experimental
validation of various upscaling methods is performed by creating simple component materials,
which is, in this study, examining the predicted macroscale geomechanical properties of 3D printed
rocks. Nanoindentation data were first captured from 3D printed gypsum powder and binder rock
fragments followed by, triaxial compression tests on similar cylindrical core plugs to acquire modulus
values in micro and macroscale respectively. Mori-Tanaka (MT) scheme, Self-Consistent Scheme (SCS)
method and Differential Effective Medium (DEM) theory were used to estimate Young’s modulus
in macroscale based on the results of nanoindentation experiments. The comparison demonstrated
that M-T and SCS methods would provide us with more comparable results than DEM method.
In addition, the potential applications of 3D printed rocks were also discussed regarding rock physics
and the geomechanics area in petroleum engineering and geosciences.

Keywords: upscaling methods; geomechanical property; 3D-printed rocks; nanoindentation;
Young’s modulus

1. Introduction

Rocks are complex in multiscale with heterogeneous structures, which makes prediction models
for geomechanical properties challenging [1–6]. An emerging necessity to link microscale to macroscale
properties has led researchers to take efforts to propose multiscale models of poromechanical behaviors,
for different rock types [7–14]. Conventional geomechanical testing on core plugs was established as a
standard laboratory approach to obtain elastic properties at a plug scale, with some the drawbacks
including: lack of core plugs, time constraints and costs. Micro- and nano-scale mechanical tests, as a
consequence, were developed recently as a more convenient and efficient laboratory method to access
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the strength and elastic properties of the rocks [15–17]. Therefore, multiple rock physics models were
developed for upscaling purposes from microscale to macro ones (plug scale), originally based on the
composite material concept [18,19]. These methods, for instance, Mori-Tanaka (MT), Self-Consistent
Scheme (SCS), Differential Effective Medium (DEM) theory, were applied in the upscaling various
mechanical properties of different rock types [20–23]. However, this question remains unanswered:
“Which method provides the most accurate results?” All these methods are based on theoretical
concepts while there is no rigorous verification study of their performance in the lab, mostly due to
lack of controlled specimens at micro and macroscale.

In recent years, 3D printing technology, also known as additive manufacturing or rapid
prototyping, is helping us in parts replacement and production in various industries, engineering
disciplines and sciences [24–28]. 3D printing consists of aggregating simple materials with a binder
through an efficient manufacturing process, which is also gaining popularity in geosciences to produce
samples that resemble natural rocks from various perspectives [29]. Some of the efforts of employing
3D printing in geosciences, particularly creating rock-like samples are as follows: Jiang et al. [30]
used gypsum-like material to print a rock specimen containing preset cracks with width of 0.2 mm
and measured basic mechanical properties and failure patterns that are very similar to a typical
natural rock. Fereshtenejad and Song [31] enhanced the strength and mechanical behavior of 3D
printed samples by assessing printing direction, printing layer thickness, and binder saturation level.
Kong et al. [32] tested 3D printed rocks made up of gypsum powder with different sample sizes to
study full stress–strain mechanical behavior (curve) of the samples. Primkulov et al. [33] explored the
effect of temperature on mechanical strength of 3D printed sand or resin-based samples. The majority
of these previous studies printed samples from powder due to the brittle behavior of the 3D printed
analogues that make them more similar to the natural rocks. The goal in all of these studies was to
create samples that are representative of natural rocks that can be recycled and reused in several and
different types of experiments to confirm specific theoretical concepts. Therefore, we believe, the
simplicity of constituent components of 3D printed samples can be used to verify existing models for
upscaling different properties from micro to macroscale if measurements are made at these scales.

In this study, nanoindentation experiments were applied to the residues from 3D printed samples
that were exposed to triaxial and uniaxial testing to measure the mechanical properties at two separate
scales of measurements. Through deconvolution analysis, each existing component (solids and binder)
in the printed samples can be detected based on their representative modulus and frequency fractions.
M-T, SCS, and DEM methods were then chosen as the mainstream theoretical tools to upscale the
microscale mechanical properties to the macroscale ones. To compare and examine the accuracy of
each upscaling method, plug scale compression tests were conducted on the cylindrical 3D printed
original samples (prior to nanoindentation) for comparison between the results from each method and
laboratory measurements at micro and macroscale.

2. Materials and Methods

3D printed rocks were first crushed into 4 mm size fragments, for the nanoindentation experiments.
The geomechanical properties obtained by nanoindentation experiments, specifically Young’s modulus,
Poisson’s ratio as well as volume fraction of each mineral phase were adopted as the known parameters
to be input into the upscaling models. Three upscaling methods, including M-T, SCS, and DEM
schemes, serve as the bridge from microscale measurements to macroscale predictions. In order
to verify model predictions, two cylindrical plugs were also manufactured under the same 3D
printing specification as the samples for nanoindentation and tested with triaxial compression to
obtain macroscale modulus values.

2.1. Artificial Rock by 3D Printing

Rock analogues that are manufactured by 3D printing have simpler and controlled material
components compared to natural rocks which are highly heterogeneous and complex in constituent



Energies 2019, 12, 382 3 of 20

components. This makes them suitable to be used in various experiments with the goal of verifying
theoretical concepts. In this study, gypsum-powder (calcium sulfate hemihydrate or calcined gypsum),
together with binder, was selected as the predominant constituent to create artificial rocks. The reason
for choosing this material compared to other available options, e.g., resin, plastic, metal, is the nature
of gypsum that is similar to common minerals that are expected in a natural rock. The printing
technology for this material is binder jetting, which is depositing the binder on the gypsum powder
bed horizontally until all layers are completed. A workflow should be followed when transforming
from digital rock models to physical models as suggested by Kong et al. [32]. Digital rock models
can either be designed in professional CAD software with any desired geometry or be extracted
from the X-ray CT images obtained from natural rock prototype. In this study, cylindrical models of
1.5-inch diameter and 2.25-inch length were designed in a Stereolithography (STL) files, which was
then transformed to a triangular mesh surface model that would be recognizable by the 3D printer
(Figure 1). A 3D Systems ProJet 460 Plus with a resolution of 127 dpi horizontally and 0.2 mm vertically
was employed to manufacture the samples. Further postprocessing procedures are imperative for the
binder jetting method to strengthen the mechanical performance of 3D printed rocks while the details
can be found in Kong et al. [34].
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Figure 1. Surface model representing 3D printed cylindrical samples 1 and 2.

2.2. Nanoindentation

2.2.1. Sample Preparation and Test

Four samples were chosen from the fragments of 3D printed rocks (Figure 2), where two were
labeled as ‘V’ representing the long axis of the sample perpendicular to the printing layers, and
two samples as ‘H’, denoting the long axis to be parallel to the printing layers. The samples were
placed in the container filled with resin until consolidated, followed by polished surfaces necessary for
nanoindentation tests. Nine locations on the surface of each sample were selected to obtain 25 data
points, a 5 × 5 grid, and then were indented followed by statistical analysis to obtain existing phases.
Each nanoindentation test took 30 seconds, including 10 seconds of loading, 10 seconds of holding,
and 10 seconds of unloading for one cycle.



Energies 2019, 12, 382 4 of 20

Energies 2019, 12, 382 4 of 20 

 

 
Figure 2. 3D printed rock fragments for nanoindentation experiments. ‘V’ represents vertical, and ‘H’ 
denotes horizontal. 

2.2.2. Nanoindentation Theory 

Nanoindentation uses an indenter to tap the sample surface through a loading-holding and 
unloading stage while recording the resulting force and displacement on the surface during this 
process [35–37]. Two main stages in this process, loading and unloading, constitute a typical 
nanoindentation procedural model and provide us with the force-displacement curves (Figure 3) [38]. 
As the indenter tip is forced into the sample surface, the load increases, leading to both elastic and 
plastic deformations on the grains. The first stage continues until the indenter reaches the peak force, 
corresponding to the maximum displacement depth. Afterward, the unloading stage begins as the 
indenter moves up to the original position, in which the elastic deformation is recovered. 
Additionally, a holding period can also be added between the loading and unloading period if 
targeting to analyze creep behavior of the tested material [39]. The holding period keeps the peak 
force constant for a certain duration during which the mechanical properties and displacement alters 
correspondingly [40]. 

Fo
rc

e 
(μ

N
)

Displacement (nm)

Loading

Unloading

E = 𝑑𝑃𝑑ℎ 

 
Figure 3. Typical load-displacement curve in a nanoindentation test (E represents Young’s modulus) 
(modified from Jha et al. [38]) 

Among various methods that have been developed for nanoindentation analysis [35,41,42], the 
Oliver and Pharr [43] method, also known as energy-based analysis, is the most commonly used one 
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Figure 2. 3D printed rock fragments for nanoindentation experiments. ‘V’ represents vertical, and ‘H’
denotes horizontal.

2.2.2. Nanoindentation Theory

Nanoindentation uses an indenter to tap the sample surface through a loading-holding and
unloading stage while recording the resulting force and displacement on the surface during this
process [35–37]. Two main stages in this process, loading and unloading, constitute a typical
nanoindentation procedural model and provide us with the force-displacement curves (Figure 3) [38].
As the indenter tip is forced into the sample surface, the load increases, leading to both elastic and
plastic deformations on the grains. The first stage continues until the indenter reaches the peak force,
corresponding to the maximum displacement depth. Afterward, the unloading stage begins as the
indenter moves up to the original position, in which the elastic deformation is recovered. Additionally,
a holding period can also be added between the loading and unloading period if targeting to analyze
creep behavior of the tested material [39]. The holding period keeps the peak force constant for a
certain duration during which the mechanical properties and displacement alters correspondingly [40].

Figure 3. Typical load-displacement curve in a nanoindentation test (E represents Young’s modulus)
(modified from Jha et al. [38]).

Among various methods that have been developed for nanoindentation analysis [35,41,42], the
Oliver and Pharr [43] method, also known as energy-based analysis, is the most commonly used one to
calculate the strength and modulus of different materials [38,43]. In this method, to calculate Young’s
modulus and hardness of the object, three parameters are required to be measured, i.e., peak load
(Pmax), maximum displacement (hmax), and contact stiffness (S).

S = 0.75·(2vE − 1) Pmax
hmax

, (1)
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where vE is elastic energy ratio defined by dividing absolute energy (Us) over elastic energy (Ue):

vE = Us
Ue

. (2)

2.2.3. Deconvolution Method

Nanoindentation results (Young’s modulus and hardness) were deconvoluted by multi-variate
clustering technique [12]. The assumption is that the mechanical property of each phase in the material
displayed a normal or Gaussian distribution, meaning the nanoindentation data measured in the
experiments match theGaussian Mixture Model (GMM). The deconvolution method is reasonable
for deconvolving the most likelihood distributions of each constituent component within the scope
of the obtained overall data range. In a multi-dimensional array, X = (x1

T , x2
T , . . . x3

T), T is the
total parameters and xi is a realization of one sample. The probability density function, p(xi), is
expressed as:

p(xi) =
k
∑

j=1
f jc(xi; µj,Σj), (3)

where f j is the percentage of one phase in the range of 0–1 and ∑k
j f j = 1, while µj and Σj are the

mean and covariance matrices of phase j. Volume fraction, f j, can be expanded as ∑N
i=1 τij, in which τij

denotes the posterior probability that xi pertains to the ith k phase. Thus, the function c
(
xi; µj,Σj

)
can

be considered as the multi-variate Gaussian normal density, as follows:

c
(

xi; µj,Σj
)
= 1√

2π

(
Σj
)− 1

2 exp− 1
2
(
xi − µj

)T(Σj
)−1(xi − µj

)
. (4)

In the method, three variables, uj, Σj and f j are used for each phase in the mixed material.
On the basis of the Expectation-Maximization (ML-EM) algorithm, the Maximum Likelihood approach
can estimate unknown variables [44–46]. The algorithm deconvolutes the measured results of
nanoindentation utilizing a Bayesian Information Criterion (BIC) [47,48]. The deconvolution by
multivariate clustering was implemented in sklearn mixture, a python-based open source package for
Gaussian mixture modeling.

2.3. Triaxial Compression Test

In Uniaxial Compression Strength (UCS) test, 3D printed samples broke before reaching
the shear failure [32], which requires a triaxial compression test for accurate measurement.
The Unconsolidated-Undrained Triaxial Compression Test (UU test) was performed for the artificial
samples, by which the strength properties of the rock including cohesion and internal friction angle
were calculated [49,50]. For each UU test, the rock specimen was confined under the fluid pressure in
the triaxial chamber. For providing the unconsolidated condition, during the applying of confining
pressure, there was no fluid drainage through the chamber valves. After applying the confining
pressure, the hydraulic jack of the triaxial apparatus applied vertical compression to the specimen with
a constant rate of deformation. The constant rate of axial deformation provides the strain-controlled
condition for the rock specimen [51]. During the specimen compression, no drainage occurred
providing the undrained condition of the test.

Considered the initial confining pressure and the applied vertical pressure through the hydraulic
jack, the specimen was under constant confining pressure in the lateral direction and increasing
pressure in the vertical direction. The vertical pressure includes the summation of initial confining
pressure and the applied vertical load. The increase of the vertical pressure continued until the
specimen failed. In the process of the test, the deformation of the sample, as well as the applied vertical
pressure, was monitored and recorded. Consequently, the vertical stress and strain of the sample in
each time interval was recorded and the stress–strain curve during the experiment was plotted.
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The stress–strain correlation for each test was used to calculate the modulus of elasticity of the
specimen. Even though assuming the elastic stress–strain response of the tested sample is near-linear,
a different interpretation method of elastic modulus will result in significantly different outcomes [52].
In this study, tangent modulus at 50% of the peak stress value was adopted. The confining pressure
and the maximum vertical pressure that the specimen experiences during the experiment was used to
draw a Mohr’s circle for each UU test. Using two or more Mohr’s circles, the cohesion and internal
friction angle can be calculated.

2.4. Upscaling Method

2.4.1. Differential Effective Medium Method

The key idea of Differential Effective Medium (DEM) theory is assuming that one component is
blended to the matrix component when forming the mixed medium [53–55], whose benefit is matching
the Hashin-Shtrikman bounds [56]. The elastic modulus of each component are input variables, while
the prediction is the same modulus of the mixed material. The first phase is assumed to be the matrix,
while the second phase steadily accumulates from zero concentration. That is to say, theoretically,
the modeling of mixing different composite phases is an incremental process. However, in this study,
since the clustering method deconvolves the measurement results of two constituent components,
the upscaling scheme can be defined with two steps: first, gypsum powder was considered as the
inclusion phase to be added into the matrix phase, which was the binder support. Second, the void
space could be considered as the inclusion phase with respect to the solid phase, which was already
composed of the gypsum powder and the binder.

2.4.2. M-T Method

Mori-Tanaka (MT) homogenization method is a weighted averaging scheme that approximates
the interaction between different phases assuming that each inclusion is embedded [57]. Scattering
analogy was not used when calculating the estimator. In this method, the host material is considered as
one of constituents and the other materials are embedded inside. This method is expressed as follows:

Chom =
N
∑

r=1
frCr :

[
I+ P0

Ir
: (Cr −C0)

]−1
×
[

N
∑

s=0
fs :
[
I+ P0

Is
: (Cs −C0)

]−1
]−1

, (5)

where C0 represents the stiffness tensor of matrix, Cr or Cs denotes the stiffness tensor of inclusion,
and fr or fs stands for the percentage of each phase; N refers to the quantity of all components; P0

Ir
or

P0
Is

is defined as the Hill tensor. Moreover, I represents the tensor for symmetric identity, and P0
Ir

is
determined utilizing the analytical solution published by Law [58]. The elaboration of MT method can
be found in the reference by Fritsch and Hellmich [59]. The input variables include Young’s modulus
of each phase acquired from nanoindentation experiments and Poisson’s ratio from the literature [60],
while the outcome is the stiffness tensor of bulk material.

2.4.3. Self-Consistent Method

Self-consistent approximation, a relatively popular method extending to higher concentrations
of inclusions, assumes the media is isotropic, linear and elastic [58–62]. This method utilizes the
mathematical solution to represent the alteration of isolated included components, in which the
mutual influence of included phases is assumed by substituting the background medium with the
effective medium. Berryman [59,63] provided a more general form of self-consistent approximations
for N-phase composites:

N
∑

i=1
xi
(
Ki − K∗SC

)
P∗i = 0, (6)
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N
∑

i=1
xi
(
Gi − G∗SC

)
Q∗i = 0, (7)

where i refers to the ith material, xi is the volume fraction. P and Q, coefficients, are decided based on
the shapes of inclusions. The increase of the vertical pressure will be continued until the specimen
fails. K and G are bulk modulus and shear modulus, respectively. Note that the equations are coupled
which must be solved through simultaneous iterations. For dry cavities, zero is set for the modeling of
inclusion moduli, whereas when fluids are saturated the cavities, shear modulus is set to zero during
simulating the inclusions in the models.

3. Results

3.1. Nanoscale Geomechanical Properties

Based on the theory of nanoindentation [64], each test point would require further analysis and
calculation to provide us with the mechanical parameters including: Young’s modulus and hardness.
The descriptive statistical analysis of four samples is shown by a box-plot in Figure 4. Young’s modulus
of approximately 75% of the whole test points are between 0 to 20 GPa. Average Young’s modulus of
four samples are very close, while the discrepancy in the values is negligible regardless of the directions
of the measurement considering the printing direction. Therefore, in this study, we argue that the
anisotropic characteristic of printed materials through powder based and binder jetting will exhibit
itself on pore structures that was specifically evaluated using micro-CT techniques and advanced
imaging methods [65]. Though, we infer that the fact that this expected anisotropic behavior was not
detected in this study can be attributed to the scale of measurement, since nanoindentation techniques
focus on individual components instead of bulk mechanical properties. This phenomenon signifies that
macroscale behaviors may not necessarily match with micro or nano-scale properties, which has been
reported by other researchers in materials that consist of limited constituent of components [66–70].
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The relationship between Young’s modulus and hardness was also investigated via curve fitting
methods that is shown in Figure 5. This figure represents the cross-plot of Young’s modulus and
hardness values for each sample. The results demonstrate a positive relationship between these two
parameters, indicating that higher Young’s modulus corresponds to higher hardness values. A linear
curve with a very high coefficient of correlation can be fitted to the dataset and all measured data
points almost lay in the 95% confidence interval (Figure 5).
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To obtain the values and percentages of individual components, the experimental results
were subjected to a deconvolution analysis. Deconvolution of the data is a useful technique for
separating multiple clusters which reveal the existence of various phases/components that are in
the sample [7–9,71]. The experimental results from four samples were deconvolved to two separate
peaks. According to the micromechanical explanation of gypsum by Sanahuja et al. [72], elastic
modulus of gypsum is approximately 20 GPa numerically or 15 GPa experimentally if the porosity
of gypsum crystal cluster is 30%. The elastic modulus of gypsum crystal decreases as the porosity
increases. Based on our previous study that was focused on the porosity of similar samples evaluated
by different experimental methods [65], the total porosity of 3D printed rock sample was measured to
be 32.66%. However, infiltrants contribute to the mechanical properties of the 3D printed sample to
some extent [73].

The modulus of the infiltrant (colorbond) that was used in this study is around 9.45 GPa
approximately [74]. Therefore, based on the above deconvolution analysis, two clusters can be
distinguished in regard to the mechanical measurements. One with lower average Young’s modulus
which refers to the infiltrant, while the other one with higher Young’s modulus that should denote
the gypsum crystals. Table 1 summarizes the deconvolution output of four samples. From this table,
it is deduced that the probability of infiltrant to represent a point that was indented is around 73%
and gypsum crystals 27%. The mean Young’s modulus of cluster 1, binder, in four samples are 2.67,
3.39, 5.86, 3.36 GPa, respectively. The mean Young’s modulus of cluster 2, gypsum, in four samples are
19.68, 39.36, 24.06, 8.27 GPa, respectively. These results are consistent with the published data in the
literature on similar samples [72,74]. The standard deviation of infiltrant is much lower than gypsum
crystals due to its stable properties compared to gypsum crystals with changing directions within the
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samples that happen during the printing process. It can also be observed that vertical and horizontal
direction did not result in a significant difference in the overall outcome, which means that mechanical
anisotropy did not impact micromechanical properties of the 3D printed rock sample.

Table 1. Deconvolution results of Young’s modulus of four samples.

Sample ID Phase Probability Mean Young’s
Modulus (GPa)

Standard
Deviation (GPa)

V1
binder 0.70 2.67 1.14

gypsum 0.30 19.68 16.48

H1
binder 0.73 3.39 1.77

gypsum 0.27 39.36 17.29

V2
binder 0.73 5.86 2.30

gypsum 0.27 24.06 12.73

H2
binder 0.77 3.36 0.95

gypsum 0.23 8.27 4.23

3.2. Core Scale Geomechanical Properties

The geomechanical properties of core plugs manufactured by 3D printing gypsum powder and
binder jetting were measured by triaxial compressive experiments, where the resulting stress–strain
curves are shown in Figure 6. The confining pressure of sample 1 and sample 2 is 1 and 2.07 MPa,
respectively. The percentage of strains were calculated by dividing the displacement recorded by
the transducers to the original length of samples, in which the positive values translate to the
compression [75]. Sample 1 exhibits a linear elastic deformation before reaching its maximum deviatory
stress of 6.29 MPa at a strain of 4.2%, while sample 2, the maximum deviatory stress of 10.76 MPa
at a strain of 6.13% is measured. After the peak strength is achieved, the deviatory stress decreased
until the strain extended by approximately 2%. It was observed that the deviatory stress of these
3D-printed rocks demonstrates residual strength since the stress remains constant for a period as the
strain is increased after failure. During the elastic period prior to the failure, both samples experienced
a fluctuation of the stress–strain curve, where sample 1 was more unstable in the stress–strain after
the peak. Generally speaking, based on the overall stress–strain curves that is displayed in the
following figure, 3D printed rocks exhibited an elastic but a brittle failure mode, which matches typical
geomechanical behavior expected from a natural rock, also reported in the literature [76–78].Energies 2019, 12, 382 10 of 20 
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Figure 6. Stress–strain curve of 3D printed rock (a) cylindrical sample 1 and (b) cylindrical sample 2
made of gypsum-powder.

Conducting two triaxial compression experiments on two similar samples, the failure envelope
and Mohr’s circle can be plotted, as shown in Figure 7. As a result, from this figure, the cohesion and
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friction angle of the 3D printed rocks is calculated at 0.69 MPa and 41◦, respectively. Comparing these
values with common rock types [79], the cohesion of 3D printed rocks is found to be relatively small,
due to the fact that the samples are subjected to post-processing steps after they are printed, including
curing, infiltration, cleaning and polishing which is necessary. Among them, infiltration, immersing
the samples into the infiltrant, can strengthen the mechanical performance to a certain degree, though
it is only applied to the exterior, leaving the interior parts loosely cemented. The post-processing
steps will cause the cementation of the gypsum powder to become unevenly distributed, which is in
agreement with the findings from previous studies [34,80].
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Figure 7. Failure envelope and Mohr’s circles of 3D printed rocks made up of gypsum powder.
Cohesion (C) is 0.68 MPa and internal friction angle (φ) is 41◦.

4. Validation and Comparison of Upscaling Methods

Since Young’s modulus of the sample at the plug scale was also measured, and mechanical
properties of every single constituent component was also obtained at microscale, it would be possible
to use different upscaling methods to validate which theory yields a more accurate prediction of
mechanical properties at macroscale from microscale ones. In order to do so, we programmed the codes
of three different major upscaling methods and input the measurement results from nanoindentation,
Young’s modulus and volume fraction of two phases to calculate plug scale modulus. In addition
to inputting these properties, Poisson’s ratio of gypsum at crystal scale and binder should also be
assumed, which, was input based on the values reported in the literature [58,81]. Poisson’s ratio of
0.33 and 0.3 for the gypsum and binder were considered, respectively. Furthermore, the pore space
would play a critical role in mechanical behavior of any porous media including these 3D printed
rocks. According to results in our past studies that were focused on pore structure characterization
of gypsum powder 3D printed rocks at different sizes by different experimental methods [65], 33%
porosity was used in the upscaling process to represent the voids in the mixed matrix. Ultimately, the
stiffness tensor of the material can be calculated, which can provide us with Young’s modulus as well.

4.1. Mori-Tanaka Method

Young’s modulus of four samples was calculated using the M-T method, based on the elastic
modulus of gypsum and binder reported in Table 1 and the volume fractions of two phases from
nanoindentation measurements as listed in Table 2. Samples of Vertical 1 and Horizontal 2 were
predicted by M-T scheme to have the least values of Young’s modulus while the Horizontal 1 and
Vertical 2 demonstrate the largest values. Previous studies already proved 3D printed gypsum rocks as
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a Vertically Transverse Isotropy (VTI) medium, that the rock property is the same in two directions
while dissimilar in the third, considering x3 as the axis of rotational symmetry [65,82]. By a stiffness
tensor, a VTI medium can be represented by five independent elastic stiffness coefficients, which
should be expressed as follows using conventional two index notation [82].

C =



C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66


.

Therefore, the stiffness tensors of a composite material based on four samples, V1, H1, V2, and
H2 were computed and shown below:

Csample V1 =



3.2492 1.2825 0.6701 0 0 0
1.2825 3.2492 0.6701 0 0 0
0.6701 0.6701 1.0508 0 0 0

0 0 0 2.0759 0 0
0 0 0 0 2.0759 0
0 0 0 0 0 1.9667


,

Csample H1 =



4.1810 1.6401 0.8488 0 0 0
1.6401 4.1810 0.8488 0 0 0
0.8488 0.8488 1.3265 0 0 0

0 0 0 2.6982 0 0
0 0 0 0 2.6982 0
0 0 0 0 0 2.5408


,

Csample V2 =



6.1563 2.4450 1.3571 0 0 0
2.4450 6.1563 1.3571 0 0 0
1.3571 1.3571 1.2412 0 0 0

0 0 0 3.8562 0 0
0 0 0 0 3.8562 0
0 0 0 0 0 3.7113


,

Csample H2 =



3.0601 1.2211 0.7205 0 0 0
1.2211 3.0601 0.7205 0 0 0
0.7205 0.7205 1.2412 0 0 0

0 0 0 1.8903 0 0
0 0 0 0 1.8903 0
0 0 0 0 0 1.8390


.

Additionally, Thomsen anisotropy parameters can be calculated based on the stiffness coefficients
to quantify the strength of anisotropy for the VTI medium [83]. The equations of three dimensionless
anisotropic parameters are shown as follows:

ε = C11−C33
2C33

, γ = C66−C55
2C55

. (8)

Epsilon (ε) represents the fractional difference between horizontal (C11) and vertical (C33) P-wave
propagating in two different direction (perpendicular and along the axis of symmetry), which
represents the P-wave anisotropy [84]. Similarly, Gamma (γ) stands for the same characteristic
of S-wave velocities, the difference between the horizontally polarized (C66) and vertically polarized
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(C55) shear wave propagating through the medium that would indicate the presence of fractures.
By comparing Thomsen’s parameters based on predicted bulk properties of four samples (Table 2),
it can be found that all samples are behaving as a VTI medium based on the nonzero epsilon values
and negligible gamma values. This is in accordance with our previous observation that proved VTI
characteristics for 3D printed gypsum powder samples which was detected through analysis of pore
spaces and was attributed to the binder jetting printing process [65]. Negligible values for gamma
denote the absence of fractures in the sample which rejects the horizontal transverse isotropic (HTI)
characteristics of these 3D printed samples, as was expected.

Table 2. Upscaling results of four samples using the Mori-Tanaka (M-T) method.

Sample Gypsum (%) Binder (%) Porosity Young’s Modulus
(GPa) ε γ

Vertical 1 0.20 0.48 0.32 2.74 1.05 –0.03
Horizontal 1 0.18 0.50 0.32 3.54 1.08 –0.03

Vertical 2 0.18 0.50 0.32 5.19 1.98 –0.02
Horizontal 2 0.16 0.52 0.32 2.57 0.73 –0.01

4.2. Self-Consistent Scheme (SCS) Method

SCS method requires the same input parameters as the MT method, which generated slightly
higher values of Young’s modulus for the 3D printed rocks at the macroscale (Table 3). It was found that
the results obtained for sample Vertical 1 and Horizontal 1 calculated by SCS method are larger than by
M-T method while the other two samples are quite opposite in modulus values. From the comparison
of Thomsen’s parameters, VTI behavior is observed in these samples while there is a discrepancy
between the magnitude of anisotropy that is predicted by MT and SCS methods. The stiffness tensors
calculated on the experimental results of four samples (V1, H1, V2, H2) were also expressed here
as follows:

Csample V1 =



3.3672 1.3734 0.7649 0 0 0
1.3734 3.3672 0.7649 0 0 0
0.7649 0.7649 1.2417 0 0 0

0 0 0 2.0911 0 0
0 0 0 0 2.0911 0
0 0 0 0 0 1.9938


,

Csample H1 =



4.3923 1.7845 0.9874 0 0 0
1.7845 4.3923 0.9874 0 0 0
0.9874 0.9874 1.3265 0 0 0

0 0 0 2.7549 0 0
0 0 0 0 2.7549 0
0 0 0 0 0 2.6078


,

Csample V2 =



5.9612 2.4180 1.3822 0 0 0
2.4180 5.9612 1.3822 0 0 0
1.3822 1.3822 2.2841 0 0 0

0 0 0 3.6736 0 0
0 0 0 0 3.6736 0
0 0 0 0 0 3.5432


,
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Csample H2 =



2.8664 1.1568 0.6733 0 0 0
1.1568 2.8664 0.6733 0 0 0
0.6733 0.6733 1.1255 0 0 0

0 0 0 1.7615 0 0
0 0 0 0 1.7615 0
0 0 0 0 0 1.7097


.

Table 3. Upscaling results of four samples using self-consistent scheme (SCS) method.

Sample Gypsum (%) Binder (%) Porosity Young’s Modulus
(GPa) ε γ

Vertical 1 0.20 0.48 0.32 2.81 0.86 –0.02
Horizontal 1 0.18 0.50 0.32 3.67 1.16 –0.03

Vertical 2 0.18 0.50 0.32 4.98 0.80 –0.02
Horizontal 2 0.16 0.52 0.32 2.40 0.77 –0.01

4.3. Differential Effective Medium Method

The upscaling process using DEM method is different to the two previous upscaling theories.
DEM is done in two separate steps: adding gypsum powder into the binder support as matrix and
next, adding the pore space into the solid. The upscaling steps based on this theoretical assumption
is demonstrated in Figure 8, where the increase in the amount of gypsum powder and porosity only
would take place in theory and truly in physical reality. Figure 8 shows that adding (increase in the
percentage) gypsum powder and pore space will alter the modulus values and it can be predicted at
each percentage desired based on input parameters into the model. The predicted modulus of four
samples were all smaller than M-T and SCS methods (Table 4).
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Table 4. Upscaling results of four samples using differential effective medium theory.

Sample
Porosity for
Upscaling

(Dimensionless)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Young’s Modulus
(GPa)

Vertical 1 0.32 1.66 0.86 1.49
Horizontal 1 0.32 2.22 1.17 2.00

Vertical 2 0.32 3.01 1.52 2.71
Horizontal 2 0.32 1.48 0.73 1.33
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5. Discussion

5.1. The Comparison of Upscaling Methods

First, comparing these three upscaling methods, differential effective medium (DEM) method
generates the lowest values of modulus than M-T and SCS methods. Regarding samples vertical 1
and horizontal 1, the M-T method provided us with a lower modulus than the SCS method while the
opposite is true for sample vertical 2 and horizontal 2. Most importantly, the prediction of modulus
via three different upscaling methods would be insufficient unless these values are with macroscale
modulus measured by UCS and Triaxial compression experiments. Young’ s modulus was calculated
by determining the tangent modulus at 50% of the peak strength value. Table 5 shows the summarized
characteristics of sample size from two measurements in this study, plus six additional ones taken from
the literature. Considering this table, the samples 1 and 2 tested in this study showed Young’s modulus
values of 0.1967 and 0.3125 GPa, which are extremely low compared to the upscaled modulus values
calculated by three different theoretical methods. In order to have a better comparison, another group
of 3D printed gypsum samples were selected for further comparison and reference with modulus
values in the ranges of 2–5 GPa, measured by UCS experiments [31]. The discrepancy between different
groups of 3D printed samples made of gypsum powder owes to two possible reasons. The primary
factor is the binder saturation, which is set prior to printing processing. Generally, the manufacturers
are prone to save the consumption of materials used, thus the binder saturation is much lower than
anticipated value, decreasing the mechanical performance in this study. The samples 5, 6, 7, and 8 used
in the study by Fereshtenejad and Song have the binder saturation of 100%, 120%, 135%, and 150%,
respectively [31]. Postprocessing effect, infiltration specifically, significantly alters the mechanical
property of 3D printed rocks, which, on the other hand, cannot penetrate completely into the samples
using the infiltrant (glue). If abundant pore spaces were remained in the central part [80], the modulus
of bulk samples could not meet the expectation. Therefore, samples 5–8 that experienced sufficient
postprocessing steps with higher binder saturation were selected to be the reference for comparison
with the values that were predicted by upscaling methods. It is observed that M-T Scheme and SCS
methods exhibited better prediction performance than the DEM method. We would suggest that both
of these methods should be utilized when upscaling mechanical properties of multiple composite
materials from microscale to macroscale.

Table 5. Macroscale Young’s modulus of 3D printed gypsum samples by Uniaxial Compression
Strength (UCS) and triaxial experiments.

Cylindrical Sample * Length (mm) Diameter (mm) Young’s Modulus (Gpa)

1 89 36 0.20
2 89 36 0.31
3 120 50 0.32
4 60 25 0.75
5 100 50 2.39
6 100 50 2.43
7 100 50 3.62
8 100 50 4.59

* Samples 1 and 2 are the ones tested in this study. Samples 3 and 4 are from Kong et al. [32], Samples 5, 6, 7, and 8
are from Fereshtenejad and Song [31].

5.2. Rock Physics and 3D Printing Technology

The application of 3D printed rocks in rock mechanical experiments leads to a serious of issues
which are apparent in the above comparison. A major one is the repeatability in terms of mechanical
performance. Sample size is one of the factors that needs to be determined prior to the experiments
since the effect that size would have on the results is significant [32]. Using different powder density
and binder saturation and various post-processing effects will definitely alter the pore structure,
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transport and geomechanical properties, that has been discussed in recent studies [31,33,34]. We would
suggest keeping the material type and the proportions of them constant, which is possible and
controllable in 3D printing, and then try different post-processing procedures to determine the best
practice. The most suitable post-processing method is the one that would generate samples with
comparable results with upscaled values. For instance, cleaning the samples by air gun and infiltration
cannot guarantee the same results and will alter sample structure which will end in samples with
varying modulus values.

When the best practice for post-processing and sample preparation is decided, the potential
application of 3D printing technology in rock mechanics is to substitute any rock type with 3D printed
powder-based samples to investigate fracture mechanism and verify failure modes [85–88]. A good
example is the interaction between natural fractures and induced fractures, which is challenging under
laboratory conditions since natural samples taken from subsurface are very complex in nature and
constituent components. By taking advantage of similar brittle elastic behavior of powder-based
samples through 3D printing, by adding pre-existing fractures to desired directions within the sample,
a series of experiments can be developed to validate various numerical simulations to study fracture
mechanics. Furthermore, if the additive manufacturing industry can develop a rock-similar material
through mixing several minerals that are also major components of most common rock types, to replace
the single component printed materials, heterogeneity and anisotropic failures can also be examined
more realistically. If the binder can play the similar role as the clay matrix, 3D printed samples will
become very similar in performance to natural rocks in regards to microstructure and mechanical
properties. The computational models of failure mechanisms in heterogeneous rocks with pre-existing
cracks, defects and pores [88] can be precisely validated by designing and manufacturing a series of
heterogeneous rocks by 3D printing technology if all conditions above are combined. Though gradual
progression towards this goal should be made, it will be a tremendous contribution to the laboratory
experiments in geoscience and petroleum engineering.

6. Conclusions

This study attempted to validate the upscaling methods on geomechanical properties that were
measured through a combination of nanoindentation experiments and triaxial testing, using 3D printed
rocks as a linear elastic material with simple component instead of a rock that has complex constituents.
The 3D printed samples that have simple components of gypsum powder and binder, were first tested
in nanoindentation experiments to measure Young’s modulus and hardness of each grain/component,
and then followed by a deconvolution method to separate the two existing phases in terms of peak
value and frequency fractions.

Mori-Tanaka method, self-consistent scheme (SCS) method and different effective medium (DEM)
method were examined for their performance for upscaling mechanical properties from microscale to
macroscale. Comparing macroscale Young’s modulus of 3D printed rocks that was obtained from M-T
and SCS methods demonstrates more comparable values than DEM with macroscale values acquired
from triaxial and UCS testing. It is suggested that M-T and SCS methods are used when dealing
with upscaling problems related to a linear elastic medium, though more complicated materials with
heterogeneity and anisotropy should be further examined for the best upscaling method. Additionally,
the application of 3D printing technology in rock mechanics experiments is still very immature, but
promising, and should get further attention from various perspectives including developing input
materials to the printing and post-processing processes for the most reliable and rock-like samples.
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Nomenclature

C Stiffness tensor
C Stiffness coefficient
c Multi-variate Gaussian normal density
E Young’s modulus
f j Volume fraction
G Shear modulus
hmax Maximum displacement
K Bulk modulus
N quantity of all components
P Hill tensor
p(xi) Probability density function
Pmax Peak load
S Contact stiffness
T Total parameters
Us Absolute energy
Ue Elastic energy
vE Elastic energy ratio
X Multi-dimensional array
µj Mean matrices of phase j.
τij Posterior probability
ε Fractional difference between horizontal (C11) and vertical (C33) P-wave
γ Fractional difference between horizontally polarized (C66) and vertically polarized (C55) shear wave
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