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Abstract

3D printing technology offers an innovative approach to manufacture rock samples with con-
trolled properties. However, in this process, pore structure is one of the major concerns when
printing similar specimens to natural rocks. The purpose of this study was to lay out an opti-
mal post-processing of 3D-printed samples that can facilitate replicating natural rocks with
similar microstructure characteristics. In this study, four cylindrical rocks were manufactured
without designed porosity by 3D printing using gypsum powder as the main component. Var-
ious types of infiltrants (Colorbond® and Surehold®) and coating conditions (SmoothOn®
and WBAE®) were used after completing the printing process of binder jetting. Mercury
injection porosimetry was then used to investigate their petrophysical properties including
porosity and pore throat size distribution. Multifractal theory was applied to understand the
heterogeneity of pore throat distribution within the 3D-printed samples on different pore size
intervals. The results showed that 3D-printed rocks have a clustered and negative skewness
of pore throat size distributions. The majority of pore sizes are micropores, while a small
portion can be categorized under nanopore size category. Multifractal analysis results found
a homogeneous distribution of micropores but a heterogeneous distribution of nanopores.
Comparing four different samples, it was found that infiltrants could mainly affect the het-
erogeneous distribution of nanopores more than the micropores, whereas coating does not
impact pore structure significantly. In comparison with pore multifractal characteristics of
common types of natural rocks, 3D-printed rocks exhibited a higher heterogeneity of pore
size distribution.
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1 Introduction

Reconstituted rock proxies are efficient substitutes for characterizing petrophysical, geome-
chanical, and transport properties of natural rocks in the laboratory. In a conventional
approach, various rock properties are investigated by using inch-size core plugs that are
retrieved from subsurface (Wang 2002a, b; Ling et al. 2016; Zhao et al. 2017a; Wang et al.
2018a, b). However, core plugs can be limited, costly to access and hard to obtain. Fur-
thermore, most of these experiments on the samples are destructive and once the study is
completed they cannot be used for further analysis. In addition, when attempting to develop
a model, an adequate number of samples are required. Adding the variability that exist in
different properties in each sample, it has led researchers to explore additional experimental
methods with various techniques in geoscience and engineering (Wang et al. 2017; Xiong
etal. 2017; Li et al. 2018a, b; Khatibi et al. 2018; Zhang et al. 2018; Ostadhassan et al. 2018;
Chen et al. 2018; Gong et al. 2018).

Researchers have attempted to manufacture proxies in terms of mineralogy, texture and
structure, by mimicking the sedimentation, diagenesis as well as compaction processes that
were occurred in paleoenvironment (Squelch 2018). Tien and Tsao (2000) prepared an arti-
ficial transversely isotropic rock through high-pressure compaction of mixtures of cement,
sand, microsilica and kaolinite to measure geomechanical performance of samples under
uniaxial and triaxial testing. Saidi et al. (2005) prepared a poorly consolidated granular rock
by mixing various proportions of fine and coarse sand, cement and water, which were tested
under uniaxial compression experiments to investigate the impact of cement content. Tillot-
son et al. (2012) manufactured two synthetic sandstones by enabling silica cementation of
quartz sand grains and validated the relationship between fracture density and shear-wave
splitting. Ding et al. (2014) constructed new synthetic rocks with controlled fractures and
analyzed seismic anisotropy as a function of fracture density and fluids.

Recent advances in additive manufacturing, known as 3D printing, offers the potential to
carry out experiments to better understand different types of porous natural rocks by con-
trolling parameters in a repeatable manner. Ishutov et al. (2015) presented a workflow for
transferring digital rock models to tangible samples by combining X-ray computed micro-
tomography data, digital pore network modeling as well as 3D printing. Head and Vanorio
(2016) generated 3D-printed models by micro-CT scanned images of carbonate reservoir
rocks to study the impact of rock microstructures on transport properties. Fereshtenejad and
Song (2016) evaluated the effect of printing direction, layer thickness and binder saturation
on geomechanical properties of the powder-based samples and proposed methodology to
improve the performance of 3D-printed rock models. Jiang et al. (2016) conducted tenta-
tive compressive and shearing experiments on 3D-printed rocks made up of two types of
materials, sand-powder based and polylactic acid based. Kong. et al. (2017) performed uni-
axial compression experiments and studied the effect of specimen size on 3D-printed rocks
in gypsum powder. Tian and Han (2017) used selective laser sintering and powder-binder
methods to print synthetic rocks and conducted uniaxial compression and splitting tensile
tests. Vogler et al. (2017) compared tensile failure properties and surface roughness of nat-
ural sandstones and 3D-printed samples. Ishutov et al. (2017) produced 3D-printed porous
proxies of Fontainebleau sandstone at different magnifications of pore network, aiming to
investigate transport properties of porous media at variable scales. Suzuki et al. (2017) created
samples with different fracture networks and distributions to validate classic permeability
models. Kong et al. (2018a, b) proposed a comprehensive approach to obtain the accurate
porosity value and pore size distribution of 3D-printed rocks made from gypsum powder
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without designed pore network. As above, the previous studies improved the understanding
of microstructure, petrophysical and geomechanical properties of rock analogues 3D-printed
in gypsum powder. Despite recent efforts to employ additive manufacturing in geoscience
research, the application of 3D printing technology in this field is still in the preliminary
phase. Some potential future directions for the application of 3D printing can be: validat-
ing numerical simulations and complementing existing laboratory experiments, generating
rescaled representations of surface or subsurface morphologies and relief on planetary bodies,
etc. (Ishutov et al. 2018).

Primkulov et al. (2017) and Hodder et al. (2018) elaborated that the post-processing
treatment, specifically the curing of the samples, plays an essential role in forming a rock-like
behavior in terms of microstructure and geomechanical properties. However, it remains vague
how the post-processing (infiltration and coating) impacts the microstructure of 3D-printed
rocks, which requires further attention. Therefore, this study compared the microstructure of
four gypsum-based analogues post-processed with various types of infiltrants and coatings.
In this regard, mercury injection porosimetry (MIP) and gas permeameter were conducted
on these samples to obtain the pore structure and petrophysical properties. In the next step,
the effect of post-processing was evaluated on the heterogeneity of the microstructures by
analyzing multifractal dimensions. Ultimately, the results were compared to suggest the
best infiltrant and coating type that can provide the most homogenous and heterogeneous
microstructures within the samples for future applications that may resemble a homogeneous
natural rock.

2 Methodology
2.1 Description of Samples

3D printing proxies followed a standard procedure described in Kong et al. (2017). Digital
rock models were created in a computer-aided design and drafting (CAD) software. Then
the printer read STL files as input to start the printing process. Four cylindrical samples
were manufactured by the binder jetting printing method, 3D systems Projet 660 printer,
using the same material as Visijet PXL core and binder. The printing layer thickness was
0.004 inches or 0.1 mm. The chemical composition of the binder was 2-pyrrolidone with
1% concentration. Based on the results by Fereshtenejad and Song (2016), the direction of
printing and how each layer is deposited will cause elastic anisotropy in cylindrical samples.
However, material properties in all directions perpendicular to the vertical axis of symmetry
(the printed layers) are mostly similar, indicating vertical transverse isotropic (VTI) behavior
for 3D-printed rocks by binder jetting method. Considering sedimentary rocks, for instance
shales, VTI model has been commonly developed and applied (Ramamurthy 1993; Nasseri
et al. 2003; Ostadhassan et al. 2012; Brady and Brown 2013), which was also found in the
microstructure study of powder-based 3D-printed rocks (Kong et al. 2018b). Therefore, in
this study, it was decided to print the samples from bottom to the top horizontally to form a
cylinder to represent a VTI model.

During the infiltration process, the infiltrant would penetrate into the voids due to the
capillary forces in the smaller pores, 2—7 mm deep into the sample from surface (Kunchala
and Kappagantula 2018). The coating is expected to be on the surface, generating a shallower
penetration but higher strength in the samples (Taha et al. 2005; Stumpf et al. 2018). This
addition remarkably improved the bulk modulus and strength of artificial rocks (Choi et al.
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Table 1 Chemical components and concentrations of four 3D printed rock samples

Sample ID Infiltrant brand Chemical name Concentration (%)
1 Colorbond Methoxyethyl cyanoacrylate 80-100

2 Surehold Methoxyethyl cyanoacrylate 70-100

3 Smooth on (coating) Oxirane, 2,2'-((1- 100

methylethylidene)bis(4,1-
phenyleneoxymethylene))bis-,
homopolymer

4 WBAE (coating) Diethanolamine + 100
Methoxypropanol

2017; Guo et al. 2017). To study the effects of post-processing steps (infiltration and coating)
on the pore structures, samples with different infiltrants and coatings were manufactured in
this study. Samples 1 and 2 were infiltrated by Colorbond® and Surehold®, respectively, while
samples 3 and 4 were coated using SmoothOn® and WBAE®. Detailed chemical components
and concentrations for each sample are listed in Table 1, in which Colorbond and Surehold
have the same chemical composition but different concentrations.

2.2 Mercury Injection Porosimetry (MIP) and Gas Permeability Measurement

Mercury injection porosimetry (MIP) is a commonly used method for evaluating pore
characteristics such as pore structure, capillary pressure, and pore size distribution of
geomaterials (Giesche 2006; Malik et al. 2016). PoreMaster-60 manufactured by Quan-
tachrome instruments was used in this study to conduct the MIP experiments on all four
samples. A pressurized chamber pushed the mercury into the pore throats, in which the
pressure increased as mercury intruded first larger pores followed by the smaller ones.
The Washburn equation was applied to relate the injection pressure to the distribution of
pore throat size (Webb 2001). Pulse Decay Permeameter-PDP-200 which is suitable for the
low-permeability rock with the measurement range of 0.00001-10 mD was employed to
measure the Klinkenberg permeability using nitrogen under confining pressure of 1500 Psi.
Different from the steady-state method, this system saturates the samples to a set pore pres-
sure and then generates a differential pressure pulse through the cylinder (Knabe et al.
2011).

2.3 Multifractal Theory

Fractals are self-similar objects that occur identically on all scales of magnifications (Man-
delbrot 1983; Lopes and Betrouni 2009). It has been proved that pore network of natural
rocks has a fractal nature based on previous extensive studies (Katz and Thompson 1985;
Hansen and Skjeltorp 1988; Costa 2006; Dullien 2012; Clarkson et al. 2013; Wang et al.
2016). Fractal geometry has been used to imply the spatial heterogeneities over pore spaces
especially in sedimentary rocks (Wong et al. 1986). In this regard, multifractal analysis has
the advantage to understand more sophisticated distributions of void spaces in rocks com-
pared to single fractal dimension as it requires a series of generalized fractal dimensions (Bird
et al. 2006). Fractal dimension and multifractal spectra are also found to correlate well with
basic rock properties, for instance measured permeability (Li et al. 2016a) and porosity (Liu
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et al. 2017). Therefore, estimating fractal and multifractal characteristics of synthetic rocks
that are created by 3D printing without porosity could be one of the main attributes of their
similarity to natural rocks. Experimental methods that can provide continuous information
about fractal dimensions and multifractal spectra of pore structures include mercury intrusion
porosimetry (MIP), nuclear magnetic resonance spectroscopy (NMR), small-angle neutron
scattering (SANS), etc. (Daigle et al. 2014; Zhou et al. 2016; Zhao et al. 2017b). Hence, in
this study fractal geometry in 3D-printed rocks was discussed based on MIP experiments
for pore size distribution (PSD) to understand self-similarity of pores and as a measure for
proximity to a natural rock.

Multifractal analysis could be implemented on PSDs by one-dimensional mercury injec-
tion of the pore size interval (Vazquez et al. 2008). First, a series of boxes or subintervals of
equal length ¢ in the interval [ = [a, b] were set, which could be partitioned into a number
of boxes N () = 2% with the box sizee = L x 2 % ink stages (k =0,1,2,3...), where L
is the whole interval length.

Based on both the resolution and result of MIP experiments in this study, the pore size
interval would vary from 0.003 to 18 wm, which could be divided into 20 subintervals
of a single length of 0.9 wm, [; = [a;,a;+1]G = 1,2,3...,20;a;41 — a; = 0.9um).
Considering box counting algorithm, in each subinterval (box), the Hg saturation fraction,
Vi, was measured, the sum of which equals 1. Prior to the calculation of box counting,
the pore size interval [ should be normalized into [0,1] so that is comparable among all
samples. Considering each box that should have a valid value of pore volume, the num-
ber of box or subintervals is set as N(¢) = 2% with maximum k =4. From k =0 to
4, each subinterval could be measured by the corresponding Hg saturation fraction as
pi(e).

Partition function is used to analyze the relationship between probability density distri-
bution of p; with Hg saturation fraction, which should be previewed whether the sample is
suitable to multifractal analysis. This equation is given below (Vazquez et al. 2008):

N(e)

x(q.€) = Zl JHO) (1)

where the moment order ¢ is a real number, the range is from — oo to + oo, which could
represent different segments of pore throat size distributions (Li et al. 2015). For ¢ < 1,
the value of x(g, ¢) is dominated by small value of p;(e), while for g > 1, it is mainly
controlled by large value of p; (¢). As it is explained by Grassberger and Procaccia (1983), a
series of generalized dimensions, Dy, can be used to represent the porosity distribution via
the following equation:

tog[ 2§ pf )]
— 1im L loglx(g.9)1 _ 5, _L [; 2
Dy =lim o5 Sty = elff}) q—1 Tog(®) @

For g = 1, Eq. (2) should be determined by L’Hopital rule as (Feder 2013):

o 2N pie) loglpi (6)]
Dy = lim == 3

The D, spectrum can be calculated based on the above relationship between g and D,, in
which Dy, D1, D; are capacity dimension, information dimension and correlation dimension,
respectively. The correlation dimension can also be expressed as (Riedi et al. 1999)

D, =2H —1 @
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where H is Hurst exponent and varies from 0.5 to 1, typically relevant to long-range spatial
variation and its positive autocorrelation. Based on the theory, if the fractal is statistically
self-similar or homogeneous, the D, should be exactly equality. While for multifractal distri-
bution, the result demonstrates a decreasing function with a sigmoidal shape on the spectrum,
in which Dy > Dy > D; (Caniego et al. 2003). In summary, D, spectrum is used to char-
acterize the heterogeneity or complexity of pore structures.

3 Results
3.1 Porosity and Permeability

Porosity, permeability as well as other basic physical parameters of four samples were mea-
sured and compared (Table 2). Unlike natural rocks, artificial rocks made by 3D printing,
intact samples specifically, do not contain micro-fractures (Jiang et al. 2016; Kong et al.
2018b). The porosity of sample 1 compared to sample 2 expressed a significant difference
although same gypsum powder and binder were used in the printing process. It can be inter-
preted as the impact of infiltrant on the petrophysical properties of 3D-printed rocks. Infiltrant
of higher concentration, which resulted in penetrating slower into the pore network, created
larger pore space volume (Table 1). The grain density of sample 1 was found to be the largest
among all four samples, as a result of higher concentration and density of infiltrant. Sam-
ples 3 and 4 were measured to have the least porosity due to the coating on the exterior of
the synthetic rocks, which might hinder the mercury injection during MIP experiments. Gas
(Nitrogen) permeability experiments were carried out under confining pressure of 1500 Psi
which exhibited similar trends with the porosity values, representing samples with low per-
meability (Schon 2015).

3.2 Pore Structure Characterization

MIP experiments can provide insight into pore throat structure and size distributions in porous
media from 3.6 nm to 950 wm in diameter (Shen et al. 2016). Based on the morphological
analysis of capillary pressure curves by Wardlaw and Taylor (1976), it is known that a
clustered distribution of pore throat sizes results in a horizontal segment of the curves while
an inclined curve refers to a uniform distribution for more pore sizes. Additionally, negative
skewness, which results in the pressure—saturation curve toward lower-left corner of the plot,
indicates the concentration of larger pores in pore size distribution (PSD) (Li et al. 2016b).
Oppositely, positive skewness makes the curve to get closer to the upper-right corner (Li et al.
2016b). From the results of MIP experiments, all the capillary pressure curves demonstrate a
clear horizontal segment of approximately 55% of mercury saturation, which is an indication
of a significant cluster of pore throats size in 3D-printed samples (Fig. 1). Samples 1 and 4
exhibited additional 10% for mercury saturation in the horizontal segment than samples 2 and
3. All pressure curves almost appear closer to the lower-left region of the plot specifically on
the logarithmic scale of y-axis, which reflects the negative skewness of pore size distribution
that could be validated by further analysis. 3D-printed rocks have a dominant pore size and
negative skewness of pore throat distributions with different infiltrants to impact the pore
characteristic.

The entry pressure is the point on the capillary pressure curve where the mercury first
intrude into the sample pores, denoting the largest pore size that mercury could have accessed
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Fig. 1 Capillary pressure curves 1000
of four 3D printed samples
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(Nabawy et al. 2009). Four samples have the entry pressure varying from 6.73 to 7.08 kPa, in
which sample 1 has the greatest corresponding pore diameter of 218 um among four samples
(Fig. 2). The calculated pore throat diameter distributions of four samples were compared
(Figs. 3, 4). Negative skewness was observed in all samples, confirming the above capillary
pressure curves. According to pore size classification by Loucks et al. (2012), the majority of
pore sizes lie between 10 to 20 pwm, which belongs to the micropore category. A small portion
of pores was measured in the 10-20 nm interval, representing nanopore size category.

The relationship between mercury saturation divided by capillary pressure and mercury
saturation was introduced to identify the apex point which can explain the transition from
well-connected pores to poorly connected ones (Pittman 1992; Nabawy et al. 2009). The
capillary pressure corresponding to the apex point is known as surface entry pressure, denoted
by Pcupex, which is related to transport properties of the porous media, such as permeability,
based on experiments that were conducted on natural rocks (Lai and Wang 2015). Therefore, it
would be beneficial to determine the surface entry pressure to compare this pore connectivity
parameter with other rock types. Pcapex of samples 14 are 0.127, 0.113, 0.119, 0.134 MPa,
respectively (Fig. 5).
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Fig. 3 Pore throat size distribution based on MICP measurements. (Note X-axis is normal scale)
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3.3 Fractal Analysis
Prior to investigating the fractal characteristics of 3D-printed rocks, one should examine

whether the pore throat size distribution in this synthetic porous media has the feature of
multifractal distribution (Muller 1996). If a power law or linear function is applied to the
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Fig. 5 Plots of mercury saturation/intruded pressure (MPa) versus mercury saturation (%). Pcapex are identified
for sample 1-4, which are 0.127 MPa, 0.113 MPa, 0.119 MPa, 0.134 MPa, respectively

plot of partition functions and box sizes in terms of each moment of q varying from — 10
to 10, then pore throat distribution has multifractal characteristics (Muller 1996). Through
the multifractal analysis of MIP experiments, the linear fitted curves match the data of each
moment order of q, with the coefficients of correlation, R? all above 0.9 (Figs. 6,7, 8,9). To
compare four samples, average correlation coefficients, R2, were calculated as 0.96383,0.991,
0.98906, 0.96615, respectively, which are strong evidence of multifractal characteristics of
pore throat size distribution of 3D-printed gypsum-powder rocks.

Based on Egs. (2) and (3), generalized dimensions, Dq or D(q), were calculated for each
sample and the spectra were compared (Fig. 10). It is evident that all D(g) spectra follow a
decreasing trend monotonically as q varies from — 10 to 10 with a sigmoidal shape. Three
key dimensions in this case also follow the order of Dy >D; >D;, which confirms the
conclusion from the log—log plots of partition function that pore throat structures in the 3D-
printed samples have the multifractal properties (Figs. 6, 7, 8, 9). Additional inner variations
were also interpreted from the spectra (Table 3), in which the analyzed parameters include
information dimension D1, Hurst exponent (H) and the spectrum width D_19—D19. The wider
the D(gq) spectrum is, the higher the heterogeneity or complexity of pore structures in the
porous media should become (Vazquez et al. 2008). Sample 1 was found to have the widest
distribution of D(g) spectrum, 1.7116 of D_j9—Do, exhibiting the highest heterogeneity
of pore throat size distribution. Sample 3 was found to have the narrowest distribution of
D(q) spectrum, 0.9984 of D_10—D0, indicating the lowest inhomogeneity of pore throat size
distribution.
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Fig. 7 Log plots of the partition function versus box size based on PSD of sample 2. Note that different colors
denote different, ¢, followed by coefficients of determination, R?

Table 3 Multifractal parameters obtained from generalized dimension spectrum of four samples

Sample Do Dy H Dyo D_j0  D—10-Dio0 Do-Dio  D-10-Do
ID

1 0.9905 0.8312 0.83595 0.5706  2.2822 1.7116 0.4199 1.2917

2 1.0332  0.83535 0.8803 0.6241 1.702 1.0779 0.4091 0.6688

3 1.0332  0.88606  0.91975 0.7878 1.7862  0.9984 0.2454 0.753

4 1.0332  0.81857 0.8772 0.553 2.2229 1.6699 0.4802 1.1897

It has been documented that variation of spectrum width for different samples is the
result of many different factors in natural rocks (Li et al. 2015). For instance in coal, the
variation of multifractal characteristics is relevant to maceral type, carbon and ash content,
coal rank and even tectonic deformations (Hou et al. 2012; Giffin et al. 2013) which reflects
the complexity of components and processes that the rock has gone through over time.
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Size of the bead of powder in front of the roller decreases
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Fig. 11 Heterogeneity of material density distribution caused by powder bead size decreasing

However, the 3D-printed rock samples are very simple compared to natural rocks in both
components and the process of formation. Hence, there should be only two main factors
that can affect the heterogeneity of pore throat size distribution (presuming known printing
system and material). The first is the “squash effect” which is caused by the process in which
the sample orientation is placed in the build chamber of a printing device (Oropallo and Piegl
2016) (Fig. 11). Given the chamber having two sides, feeder side and overflow side, the size
of powder beads in the front of the roller decreases from the feeder side to the overflow side.
Therefore, the density of printing should have the same trend similar to the size of powder
beads. Nevertheless, in samples with regular shapes like a cylinder, one should not expect any
difference if the sample is placed upright. Another factor is the infiltration after the printing
process, which cannot penetrate completely into inner parts of the sample (Kunchala and
Kappagantula 2018).

Based on the comparison of the inner variation of spectra, the segments of g <0 show
typical sigmoidal shape, whereas the segments of g >0 illustrate quasi-linear behavior, espe-
cially for 2<¢<10 (Fig. 10). The best fitting curve can also be verified by the widths of the
left and right lobes of D(q) spectra. The values of D_19p—Dj¢ are larger than the values of
Do—D for all samples, which could be interpreted by the dominance of larger and smaller
pore throat sizes, respectively (Table 3). The spectrum variation for ¢ >0 corresponds to
the seepage-pores (diameter larger than 100 nm), and the variation for ¢ <0 results from
adsorption-pores (diameter smaller than 100 nm) (Caniego et al. 2003), shown in Fig. 4. The
boundary between nanopores and micropores is 1000 nm (1 wm). However, since the pore
throat size distribution concentrates on two clusters, one around 10 nm (0.01 wm) and the
other one around 10 pm (Fig. 4), both pairs of categories were considered to be equivalent
in this study.

Sigmoidal shape of the curve represents a heterogeneous distribution of pore throat sizes
while quasi-linear shape shows a homogeneous distribution of pore throat sizes. Therefore,
3D-printed rocks display a homogeneous structure of seepage-pores distribution but a het-
erogeneous structure of adsorption-pores. Sample 1 with higher concentration of infiltrant
showed a larger spectrum width of D_1¢p—D, left-side width of D_19—Dy and the right-side
width of Do—D¢ than sample 2 with less concentration of infiltrant. Comparing un-coated
samples 1 and 2 with coated sample 3 and 4, infiltration has more impact than coating on
the heterogeneous distribution of pore throat size in 3D-printed rocks. Additionally, the dif-
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ference between sample 1 and 2 with respect to the left lobe width was calculated to be
0.6229, whereas the difference between these two samples for the right-side width was found
0.0108. These results verify that infiltrants mainly affect the heterogeneous distribution of
adsorption-pores (or nanopores) based on the classification by Loucks et al. (2012) than
seepage-pores (or micropores), which is compatible with the results directly obtained from
pore throat size distribution in Sect. 3.2.

The capacity dimension Dy, expressed as lin%) log x(¢)
E—>

log(e) °
dimension of PSD since partition function equals to the total number of boxes, no matter the
box size (Li 2002). From Table 3, D value of four samples are very close to 1, which is in line
with the conclusion of previous studies (Vazquez et al. 2008; Martinez et al. 2010; Li et al.
2015). Dy is the dimension that explains the concentration degree of the porosity spread across
the pore size interval (Liu et al. 2018). When D; is closer to Dy, a more uniform distribution
of pore size distributions is expected across the pore size intervals (Liu et al. 2018). Thus,
sample 3 has the smallest D1—Dy, demonstrating the most evenly distribution of pore throat
size intervals for this sample compared to others (Table 3), while sample 4 has the smallest D1,
or the largest D1—Dg value representing the least uniform distribution of pore throat intervals.
These findings are in agreement with the pore throat size distributions results that are observed
in Fig. 4. H, known as Hurst exponent, which originally characterizes the memory or long-
range dependency of the stochastic process in physics, can show the autocorrelation of pore
throat size distributions (Martinez et al. 2010). The H of four samples is all close to 1 which
means a strong autocorrelation in pore variations for various pore size intervals (Table 3).

In this study multifractal analysis was utilized, by evaluating various parameters, to get
a better insight into the heterogeneity of pore structures and pore throat size distributions in
3D-printed samples from MIP experiments. This study helps better replicate natural rocks by
understanding petrophysical models and behavior of 3D-printed samples through adjusting
post-processing effect.

should correspond to the Euclidean

4 Discussion

In order to have a better idea of the similarity of heterogeneity of pore structures of synthetic
samples to natural rocks, it is necessary to compare the multifractal characteristics of 3D-
printed rocks with common types of natural rocks (Table 4). Common types of rocks of
interest include shale, sandstone, tight carbonate and coal from the published results in recent
years (Li et al. 2015; Anovitz et al. 2017; Liu and Ostadhassan 2017; Zhao et al. 2017a).
Researchers used various experimental methods, including mercury injection porosimetry,
scanning electron microscope, ultra-small-angle neutron scattering, and nuclear magnetic
resonance, to quantify pore size distributions and analyze the heterogeneity of pore structures
of various rock types (Table 4). All the samples demonstrate the same trend of Do >D;
> D5, confirming the multifractal characteristic of pore distribution. To avoid the scale of
measurement that was imposed by different methods of testing, the ratio of D; to Dy was
chosen instead of a single parameter to provide the proportional variation rather than absolute
ones. D1/Dy indicates the dispersion of porosity with respect to the pore size, meaning the
smaller the value, the higher the heterogeneity should be (Mendoza et al. 2010). Based on the
average values from multiple samples, shale and sandstone exhibit the most largest values of
D1/Dy, whereas 3D-printed rocks have the least values (Table 4), which indicates that 3D-
printed rocks have the highest heterogeneity of pore structure compared to common types of
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Table 4 Comparison of multifractal characteristics between 3D-printed rocks with common types of natural
rocks from literature review

Rock type Porosity (%) Do D D1/Dgy Average Experiment
D1/Dg methods
3D printed 21.1980 0.9905 0.8312 0.8392 0.8244 MIP
rocks
2.0500 1.0332 0.8354 0.8085
0.1530 1.0332 0.8861 0.8576
0.6430 1.0332 0.8186 0.7923
Shale! 9.7500 1.7394 1.7149 0.9859 0.9768 Scanning
electron
microscope
(SEM) image
analysis
10.2000 1.7846 1.7716 0.9927
6.7500 1.7243 1.6495 0.9566
6.5000 1.7637 1.6930 0.9599
6.3000 1.8496 1.8289 0.9888
Sandstone? 9.4790 1.7362 1.6383 0.9436 0.9792 Ultra-small-
angle
Neutron
scattering
(SANS)
and SEM
image
analysis
17.9070 1.7732 1.7271 0.9740
15.1980 1.7217 1.7033 0.9893
24.2640 1.7785 1.7708 0.9957
18.8750 1.7602 1.7488 0.9935
Tight 15.7900 0.8470 0.8330 0.9835 0.9080 Nuclear
Carbonate? magnetic
resonance
(NMR)
measure-
ments
12.9000 0.8870 0.8190 0.9233
13.6300 0.8360 0.7050 0.8433
8.2600 0.8100 0.7210 0.8901
10.0000 0.8660 0.7790 0.8995
Coal* 2.3600 1.0000 0.9740 0.9740 0.9146 MIP
2.8100 1.0000 0.9640 0.9640
10.5300 1.0000 0.8850 0.8850
8.7700 1.0000 0.8600 0.8600
8.9500 1.0000 0.8900 0.8900

The data of natural rocks come from the literature. ! Bakken shale data from SEM image analysis (Liu and
Ostadhassan 2017). 2St. Peter Sandstone in Illinois and Michigan Basins from the result by Anovitz et al.
(2017). 3Permian Lucaogou Formation of Jimusaer Sag, Junggar Basin (Zhao et al. 2017a). *Coal rock from
Hancheng Mine, Weibai coalfield (Li et al. 2015). Also note that samples are selected partially to be compared
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natural rocks. Improving the homogeneity of pore structure of 3D-printed rocks is essential
to better resemble their transport as well as geomechanical properties of natural samples.

The depth of infiltrant penetration into the 3D-printed sample affects the resulting trans-
port and geomechanical properties. As illustrated in the method section, the penetration depth
range for current samples is around 2—7 mm, whereas ideally, the infiltrant is expected to get
distributed among the microstructures uniformly to better support the particles. For example
in clastic rocks, clay matrix supports the particles similar to those expected from the infiltrant.
The effectiveness of infiltration is determined by various factors, including the viscosity of
infiltrant, duration of infiltration and connectivity of pore network in 3D-printed samples
(Kunchala and Kappagantula 2018; Ishutov et al. 2018). Less viscous infiltrant can generate
better penetration, whereas the geomechanical performance of 3D-printed samples is com-
promised. It is highly suggested to examine infiltrants with different viscosities and compare
the results for the sample with the most uniform penetration and optimum strength. Capillary
forces cause infiltration, which can be improved by extending the duration of samples being
exposed to the infiltrant or reducing the pore throat size through more advanced printing
techniques. Additionally, adjusting the particle size of the powders and binder saturation can
optimize the connectivity of pore network and increase capillary forces for better penetration
of infiltration. Also, vacuuming the samples helps to improve pore network by sucking in the
infiltrant to penetrate deeper into the interior of the 3D-printed parts (Stumpf et al. 2018).
In future studies, different techniques will be examined to provide an improved penetration
of the infiltrant to further study petrophysical, geomechanical and transport properties of the
samples.

5 Conclusion

This study characterized the petrophysical properties of the rock analogues 3D-printed in
gypsum powder using MIP experiments by applying multifractal analysis. Four samples
were 3D-printed using one gypsum powder and binder but different infiltrant and coating.
Increasing the concentration of infiltrants resulted in them to penetrate slower into pore spaces,
which generated higher porosity values, while coating process also affected the porosity and
permeability to some extent. Based on PSD data from MIP experiments, 3D-printed rocks
have clustered pore sized and negative skewness of pore throat distributions. The majority of
pore sizes concentrate in the interval of 10-20 pm, which belongs to the class of micropores. A
small portion of pores lie in 10-20 nm, representing nanopore category. 3D-printed powder-
based rocks follow the multifractal characteristics in terms of pore throat structure. Two
main factors affected the heterogeneity of pore throat size distribution of 3D-printed rocks
are sample orientation placement in the chamber and infiltration. 3D-printed rocks show a
homogeneous structure of micropores (or seepage-pores) distribution but a heterogeneous
structure in regard to the distribution of nanopores (or adsorption-pores). While infiltration
mainly affected the heterogeneous distribution of adsorption-pores more than seepage-pores,
3D-printed rocks with infiltration or coating have a higher heterogeneity of pore structure
compared to other common types of natural rocks based on the multifractal characteristics.
This study is useful for guiding the optimal post-processing in preparing samples to substitute
in petrophysical, transport and geomechanical experiments of natural rocks.
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