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Abstract: The multi-scale study of rock properties is a necessary step in the planning of oil and gas
reservoir developments. The amount of core samples available for research is usually limited, and
some of the samples can be distracted. The investigation of core reconstruction possibilities is an
important task. An approach to the real-size reconstruction of porous media with a given (target)
porosity and permeability by controlling the parameters of FFF 3D printing using CT images of the
original core is proposed. Real-size synthetic core specimens based on CT images were manufactured
using FFF 3D printing. The possibility of reconstructing the reservoir properties of a sandstone
core sample was proven. The results of gas porometry measurements showed that the porosity of
specimens No.32 and No.46 was 13.5% and 12.8%, and the permeability was 442.3 mD and 337.8 mD,
respectively. The porosity of the original core was 14% and permeability was 271 mD. It was found
that changing the layer height and nozzle diameter, as well as the retract and restart distances, has a
direct effect on the porosity and permeability of synthetic specimens. This study shows that porosity
and permeability of synthetic specimens depend on the flow of the material and the percentage of
overlap between the infill and the outer wall.

Keywords: 3D printing; FFF; additive manufacturing; reservoir rocks; lithological and petrophysical
properties; reservoir properties; synthetic core; computed tomography; porous media; process
parameter control

1. Introduction

The study of void space structure, porosity, permeability, mechanical, and other rock
properties is an integral part of oil and gas reservoir development design. As a rule, the
number of core samples for research is limited, and the core size is not comparable with the
scale of the oil and gas formation. Therefore, the study of possibilities to create synthetic
core specimens (replicas) for conducting a series of multi-scale studies, as well as for
transition to other scales, is of high relevance.

The vigorous development of additive manufacturing in combination with other tech-
nologies (computed tomography (CT), electron microscopy, etc.) provides an opportunity
to reconstruct the complex internal structure of rock void space for its subsequent exper-
imental study. The additive manufacturing of synthetic core specimens often presents
with a number of problems related to the clogging of specimen pores with expendable
material, inconsistency between petrophysical and mechanical properties of specimens,
physical and chemical properties of expendable materials, and rock properties [1-5]. The
reasons for a mismatch between the internal structure of synthetic specimens and their
originals lie in the accuracy of tomography scanners and the resolution of CT images, errors
in the conversion of CT images into digital models, peculiarities of different 3D printing
technologies (resolution of 3D printers, etc.), and peculiarities of slicers (software for slicing
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the digital model into layers, scanning the layer, and creating a control program for the
3D printer).

3D printed specimens are divided into two main categories for a variety of research
purposes: synthetic core for mechanical testing and permeability and petrophysical studies,
and various physical models, e.g., those for the purposes of mining engineering [3,6-12].
Petrophysical properties of different types of sandstones are discussed, inter alia, in [13-18],
and various methods and results of measuring core properties are also described. Three-
dimensional printing technologies reduce the cost of core sampling, preparation, and testing.

Thus, further study of 3D printing technologies is required to determine a process that
would be most appropriate for core synthesis. Investigation of the influence of the printing
process parameters on the petrophysical, mechanical, and other properties of synthesized
specimens may be insightful in achieving control of these properties. The research may also
tackle creating new 3D printing technologies using natural materials or mixtures based
on them.

Presently, additive manufacturing technologies are used in various high-tech indus-
tries such as architecture, construction, automotive and aerospace, medicine, and geo-
science [19-21]. Any additive manufacturing or 3D printing process involves creating a
product by bonding some material layer by layer. The material for 3D printing can be
polymers (thermoplastics and photopolymers), composites, metals, ceramics, quartz sand,
gypsum, and others [19,20,22].

The main 3D printing technologies currently considered for core reconstruction
purposes are selective laser sintering (SLS), stereolithography (SLA/DLP/LCD), Poly-
Jet/MultiJet, fused filament fabrication (FFF), Binder Jetting (B]J), Color Jet Printing (CJP),
selective laser curing (SLC), and others.

1.1. Determination of Rock Properties Affecting the Accuracy of Core Reconstruction by Means of
3D Printing: Identification of Similarity Criteria

Highly relevant areas of research include the study of materials for 3D printing of
rocks, as well as the study of the possibilities to reproduce rock properties and determining
the criteria of the similarity of synthetic specimens to the original rock [23,24].

Terrigenous rocks appear to be more reproducible than carbonate rocks for core recon-
struction by 3D printing [9]. As a rule, terrigenous reservoirs are composed of sandstones
with admixtures of siltstones, clays, etc. Such rocks have a much more homogeneous
lithological compositions and properties [25]. Several sources describe the printing of
carbonate rock specimens [26]. The resulting synthetic specimens do not replicate the
properties of the original rock but enable visualization of large caverns and fractures within
the specimens [27].

In a printed specimen, the primary similarity criteria are its dimensions, diameter and
height, the external texture of the specimen, and its mass. These must be consistent with
the original core sample [28].

In the studies [29,30], it is noted that the main similarity criteria are associated with
the reconstruction of the internal structure of the core, namely porosity, permeability,
and density. In article [31], the authors discuss the results of the study of petrophysical
properties of specimens manufactured using SLA and Poly]Jet technology. In [6], the
potential application of 3D printing technology in rock mechanics is considered. In [32], the
authors emphasize the need to reconstruct porosity to make laboratory testing of synthetic
specimens useful.

One of the most important similarity criteria is rock permeability, but so far this
criterion has not been reproduced with sufficiently high accuracy [15]. The possibility
to reconstruct permeability would be essential for the design of reservoir developments,
e.g., for testing of various technologies for enhanced oil recovery, bottom-hole treatment,
conformance control, etc.

Wettability also has a significant impact on development efficiency. Wettability has a
direct effect on reservoir properties, residual water and oil saturation of rocks, displacement
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coefficient, and relative permeability [33]. In [34], permeability and wettability were
investigated to characterize the filtration properties of the printed specimens.

When preparing mixtures based on natural components as a material for 3D printing,
one possible similarity criterion would be the particle size distribution [35]. The particle
size distribution shows the relative content of particles of different sizes in a rock or mixture,
regardless of chemical or mineralogical composition. Ideally, cumulative curve plotting is
used to compare the materials of the original rock and the synthetic specimen to estimate
the percentage of different diameter particles in the rock [36,37].

Particle size analysis is used to evaluate the conditions of rock formation and its genetic
characterization [38], making it relevant in the preparation of the material for printing of
synthetic specimens. However, in order to evaluate the particle size distribution of the core,
it must be destroyed, which is not acceptable in studying its properties. At the same time,
additional plug core samples or remnants of the full-sized core from which a plug core
sample is made can be used for this purpose. Study [28] determines the average diameter
(D50) of the grains of original rock by microscopy and uses artificial sand with the same
diameter for printing.

Some of the studies are focused on the mechanical properties of the rock [34]. The
uniaxial compressive strength, Young’s modulus, friction angle, Poisson’s ratio, and Hoek-
Brown criterion are used as similarity criteria for mechanical properties [15,39]. Study [6]
considers potential application of 3D printing technology in rock mechanics.

According to the literature, regardless of the printing material, the primary similarity
criteria are porosity and permeability, which determine the internal structure of the speci-
mens. Particle size distribution, wettability, residual saturation, and mechanical properties
are related to the specimen material, so it makes sense to reconstruct them after reliable
reconstruction of the internal core structure. The objective of this stage of research is to
study the possibility of reconstructing the porosity and permeability of the core by means
of 3D printing technologies.

1.2. Possibilities of Reconstructing Rock Porosity and Permeability Using Modern 3D Printing
Technologies

Study [40] addresses the task of printing a synthetic soil specimen on the basis of CT
images in order to reconstruct pore channels, enabling filtration. Instead of printing the
entire digital model of the core, the authors focused on printing its central part. When
printing with polyamide (PA) using SLS technology, the internal structure of the speci-
men was highly consistent with the core. Both conductive channels were reconstructed.
When alumide (AL) was used as a printing material, only one conductive channel was
reconstructed. This difference may indicate the need to vary the technological parameters
of printing depending on the material. The authors noted that 60-80% of the pores were
clogged by the expendable material. During filtration studies, the specimens were found to
be impermeable to water.

PolyJet and SLA technologies were also used to create a synthetic soil specimen in [40].
As a result of 3D printing using PolyJet technology, it was possible to reconstruct both
conductive channels, but the pore channel diameter decreased, and 5% of pores were found
to be clogged with the expendable material. During filtration studies, the specimen was
impermeable to water. SLA printing enabled the reconstruction of only one conductive
channel, but the specimen appeared to be permeable to water.

In [16], Poly]Jet technology was used to create a synthetic specimen of basalt rock based
on CT images. The authors selected a core with large diameter pores of 100 um and larger.
Gas porometry results showed that a specimen with a porosity of 24.9% was obtained,
against 25.4% of the core.

In a number of works, the upscaling of models created on the basis of CT images was
used to reconstruct the internal structure of rocks using 3D printing methods. A small
segment was extracted from a digital core model, and then it was enlarged (scaled up) by 5
to 60 times (or the entire model was scaled up). The scale was chosen by the authors based
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on the technical capabilities (resolution) of the 3D printer and tomograph. For instance,
in [41], 3D printing of enlarged core models using SLA technology yielded specimens
with porosity between 10.9 and 11.6%, against 12.7% of the core. In [42], for printing
the specimen, the authors scaled up a portion of the core model. PolyJet-manufactured
specimens manifested 2% lower porosity than the core (21.6%) as well as a reduction in
pore channel diameter. In [31], the authors also scaled up sandstone model segments
for 3D printing using PolyJet and SLA technologies. The best specimen manufactured
using Poly]Jet technology manifested a porosity of 18.6%, permeability of 851 mD, and an
effective porosity of 6.1%, which the authors attribute to pore clogging by the expendable
material (the core had a porosity of 24.8%, permeability of 1025 mD, and effective porosity
of 19.8%). The SLA-manufactured specimen manifested a porosity of 7.45% and an effective
porosity of 5.22% compared to 10.02% and 6.25% of the core, respectively. A similar study
was performed in [29,43], where specimens of enlarged segments of carbonate rock and
sandstone models were produced using PolyJet and SLA technologies. The results of the
porosity and permeability measurements showed high consistency between specimens and
cores (porosity deviation up to 1%, permeability up to 50%).

Works [44] and [45] discuss the results of printing rock specimens with upscaling.
In study [44], the specimen was printed using DLP technology with a photopolymer
composite. The specimen porosity ranged from 18.2% to 18.9%, versus 22.64% of the core.
At the same time, the porosity of the digital model was 21.83%. This is indicative of the
presence of an error in the conversion of the CT image into a digital model. In research [45],
LCD printing results showed a 7.5% decrease in porosity of the specimen compared to the
core. Upscaling has also been used in a number of other works [46,47].

In research [10], the authors manufactured real-size synthetic sandstone specimens
(core model based on CT images) using several 3D printing technologies. A study of the
properties of the SLA-manufactured specimen showed a porosity of 23% and permeability
of 96 mD. The porosity and permeability of the core were 20% and 100 mD, respectively.

The specimen in study [10], manufactured from gypsum powder using CJP technology,
manifested a porosity of 22% and permeability of 110 mD. Measurements were performed
using gas porometry. The studies of this specimen were continued by the authors in [26],
where the porosities of the core and the gypsum specimen were re-measured. The mercury
porometry results showed porosity values of 28.7% for the specimen and 14.3% for the core.

The authors of [48] present the results of the 3D printing of sandstone specimens using
CJP technology with upscaling of the core model created on the basis of CT images. The
measurements were performed using mercury porometry. The resulting porosity of the
specimens ranged within 28.3 to 37.5%, and the permeability within 349.6 to 443.2 mD.
Meanwhile, core porosity and permeability measurements through digital analysis (DA)
yielded values of 12.6% and 251.4 mD. The authors also provide reference data on sandstone
properties (11% and 454.7 mD) for comparison.

Thus, in studies [10,26,48] there is a significant difference between the results of
measurements using gas and mercury porometry. At the same time, the authors of [17]
manufactured a gypsum powder specimen using CJP technology based on a digital model
of a solid cylinder, which matched the standard core in size and shape. The porosity of
the specimen was measured by gas (28.86%) and mercury (27.9%) porometry and digital
analysis of CT images of the specimen (32.66%).

In research [34], the authors present the results of the study of the porosity and
permeability of synthetic specimens manufactured using B] and SLC technologies based
on the solid cylinder model. BJ technology is similar to CJP. The results of printing a
gypsum powder specimen (similar to CJP) using B] technology were shown. The porosity
of the gypsum specimen was 9.2%. The silica sand specimen made using SLC technology
manifested a porosity of 40.1% and a permeability of 9840 mD. The specimen made of silica
sand using BJ technology manifested a porosity of 52.1% and permeability of 12,580 mD. The
porosity and permeability of the reference sandstone were 24.6% and 3960 mD, respectively.
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Study [49] discusses the anisotropy of properties of specimens manufactured using
BJ technology based on the solid cylinder model. The authors took two specimens and
extracted from each of them two segments of different diameters (6 mm and 12 mm) in
the vertical (38 mm long) and horizontal (28 mm long) directions. The results of porosity
measurements showed that it did not depend on the direction in which the segment was
extracted. However, the porosity of both segments with smaller diameters (6 mm) was 48%
while the porosity of the larger diameter segments (12 mm) was 36-39%, indicating the
existence of a scale effect in measuring the porosity of rock samples. The porosity of the
reference sandstone was 16.2%.

A number of studies discuss ways to reduce the porosity of synthetic specimens
manufactured using the BJ process. The control of printing parameters in the BJ process,
such as binder volume fraction [14,32,50], layer height, and particle size distribution of
the expendable material (quartz sand) in research [51] allowed them to obtain specimens
with different internal structures. In [14,50], the authors discuss the results of permeability
and porosity measurements for specimens with different percentages of saturation with
polymer binder. For the specimen with 10% binder volume fraction, the porosity was 48%
and permeability 1800 mD, and for the specimen with 20% binder volume fraction, 36%
and 1000 mD, respectively.

The authors of [51] showed that changing the particle size distribution of the sand
mixture (ratio of coarse to fine fractions) reduces the porosity of synthetic specimens from
49.3% (100% fine fraction) to 40.5% (100% coarse fraction) at a layer height of 200 um. At
the same time, reducing the layer height from 400 to 200 pm leads to a decrease in porosity
of the specimens from 48.3% to 41.2% when using only coarse sand.

In article [30], the reduction of the porosity of synthetic specimens manufactured using
BJ technology was achieved by increasing the diameter of the roller (the mechanism that
feeds the expendable material), which resulted in the compaction of the material during the
printing process. The compaction of the material with the help of a larger roller allowed
them to achieve a decrease in porosity of the specimens from 51% to 45.3% (for 100% fine
fraction) and from 44.4% to 40.2% (for 100% coarse fraction) at a layer height of 350 um.

Another appealing area of research is large-format construction 3D printing technolo-
gies using concrete mix extrusion (3DCP) [52,53]. Study [54] is dedicated to multilayer
structures made of concrete mixtures. Mercury porometry measurements showed that
the porosity of the extracted segments of the multilayer structures was 23%. At the same
time, the effective porosity was 17.6%. The results of digital CT image analysis indicated
32.6% porosity. Studies [55,56] present the results of printing specimens based on a solid
cylinder model using extruded concrete mixtures and clay.

The 3D printing of synthetic rock specimens by material extrusion is also used in FFF
technology. In works [57-59], the authors propose an approach to 3D printing of synthetic
specimens with a given porosity and permeability by forming lattice structures of various
shapes. The specimens are printed on the basis of digital models of a solid cylinder or cube,
and the lattice structure is formed by varying the parameters of depositing the layer with
material filament. The authors note that printing lattice structures produces stray porosity
caused by undesired (stray) gaps between neighboring filaments of thermoplastic material
and discontinuities within the filaments.

The authors of [46] use FFF 3D printing technology to reproduce the internal structure
of sandstone but note that FFF 3D printers have low resolution. To print the specimen, the
authors use upscaling of a digital model built on the basis of the sandstone CT images.
The study of the specimen structure showed that the FFF 3D printing process can generate
pores smaller than the resolution of the 3D printer.

Authors of [10] manufactured real-size sandstone specimens (based on CT images)
using FFF technology. Gas porometry results showed that the PLA specimen had a porosity
of 18% and a permeability of 150 mD, versus 20% and 100 mD of the core. ABS and CPE
specimens manifested porosities of 15% and 28% and permeabilities of 60 mD and 80 mD,
respectively. The authors also cite the results of mercury porometry, which showed a core
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porosity of 14.3% [26]. Unfortunately, in study [10] there is no information regarding the
process parameters of FFF printing and the layer depositing parameters.

In research [40], one of the synthetic soil specimens was manufactured from ABS
plastic using FFF technology. The ABS specimen had six times higher macroporosity than
the original, as well as a large number of isolated micropores. The CT image of the internal
structure of the specimen shows that the main reason for high macroporosity is the stray
gaps between neighboring filaments of the material, and the specimen itself has a typical
lattice structure similar to those shown in [57-59]. The authors do not provide information
about the process parameters of printing. The CT image also shows conductive channels.
The ABS specimen is the least prone to the pore clogging problem among all specimens.
During the filtration studies, only the specimens made by FFF and SLA technologies
appeared to be permeable to water.

In [60], the authors manufactured a sandstone specimen using FFF 3D printing tech-
nology from HIPS (high impact polystyrene) plastic with 5-20% calcite filling. The authors
used core model upscaling (based on CT images) to create the specimen. As a result, the
specimen with 5% calcite filling showed a porosity of 28%, and with 15% calcite, a porosity
of 33% was seen, against 25% of the core. The deviations may be due to the low printing
resolution (layer height 0.2 to 0.3 mm, nozzle diameter 0.5 mm) with calcite crystal size
ranging from 60 to 90 pm.

Based on the appearance of the specimens, CT results and the authors’ comments, it
can be concluded that in [40,46,57-60], a typical FFF 3D printing strategy of layer filling
was generally used: a lattice-like infill of the solid phase of the model and an outer wall
that is generated at the solid phase and void space boundaries both outside and inside the
digital model for each layer.

Table 1 contains the results of the studies of porosity and permeability of synthetic
rock specimens obtained by different 3D printing methods.

Table 1. Results of studies of porosity and permeability of synthetic rock specimens.

. Porosity, % Permeability, mD
3D Printing Technology Authors Core Specimen Core Specimen
[10] 20 23 100 96
SLA [31]* 10.2 7.45 14 -
[41]* 12.7 11.6 - -
DLP [44]* 22.6 18.9 - -
[31]* 248 18.6 1000 850
[42] * 21.6 19.6 - -
PolyJet [16] 25.4 24.9 - -
[29] * 6.7 6.1 1590 1276
BJ [34] 24.6 52.1 3950 12,580
[49] 16 36 - -
[10,26] 14.3 28.7 100 110
CJp [48] * 12.6 37.5 251 440
[48] * 12.6 28.4 251 349
[31,48] * 12.6 30.3 251 419
SLC [34] 24.6 40.1 3950 9840
[10] 20 18 100 150
[10] 20 12 100 62
[10] 20 15 100 60
FEFE [10] 20 28 100 80
[60] * 25 33 - -
[60] * 25 28 - -

* digital core models were scaled up.
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Synthetic rock specimens created by 3D printing technologies using natural materials
(BJ, CJP, SLC) exhibit porosity values higher than those of the original rock. There are studies
devoted to 3D printing using composite materials [44,45,60]. The specimens manufactured
using PolyJet, SLS, and SLA 3D printing technologies are characterized by a decrease in
pore space and a partial occlusion by expendable materials [16,31,40,42]. The latter problem
has also been reported for CJP technology [48]. Many authors apply upscaling of core
models, justifying it by citing the insufficient resolution of the existing 3D printers (PolyJet,
SLA, CJP, FFF). At the same time, using different approaches to processing CT results and
adapting digital models for 3D printing, selecting a suitable rock for printing, and varying
the 3D printing parameters allowed researchers, in a number of cases, to obtain results in
which the synthetic specimens were highly consistent with the natural core.

As was mentioned, the multi-scale study of rock properties is a necessary step in the
planning of oil and gas reservoir developments. The amount of core samples available for
research is usually limited, and some of the sample can be distracted. The investigation of
core reconstruction possibilities is an important task.

This work is devoted to the real-size reconstruction of sandstone cores using FFF
technology. This technology offers the vastest range of possibilities to customize printing
parameters. Varying the printing parameters can help control the properties of synthetic
specimens and reproduce the internal structure of the core sample with sufficient accuracy.

An approach to the real-size reconstruction of porous media with given (target) poros-
ity and permeability by controlling the parameters of FFF 3D printing using CT images of
the original core is proposed.

2. Materials and Methods

The basic concept of creating synthetic specimens (replicas) of rocks is as follows:
scanning the core using X-ray computed tomography, creating a three-dimensional model of
the core in specialized software products, and printing the model on a 3D printer [26,40,46].
The current references generally offer one common approach to reconstructing digital
models from CT images for 3D printing [46,48,49,61,62].

2.1. Core Selection for 3D Printing: Geological Description

The core sample from a well of one of the fields of the Volga-Ural oil and gas province
was selected for the study. The core sampling interval belongs to an oil-saturated reservoir
of Visean age. The sample is composed of coarse-to-medium-grained sandstone with
porosity of 14% and permeability of 271 mD. The plug core dimensions are 30 mm in
diameter and 55 mm in height.

Core sample tomography was performed to evaluate the void space structure. A Nikon
Metrology XT H 225 tomograph was used. The radiation source is an open microfocus gun,
X-ray gun current is 0-1 mA, and rated power is 225 W. The operating voltage difference of
the unit is from 30 to 225 kV. The external radiation is not more than 1 uSv/h at a distance of
5 cm. The dimensions of the digital detector are 406 by 292 mm and the detector resolution
is 2304 x 3200. The system resolution is up to 1 pm. The hot wire is tungsten; the target is
tungsten, reflective; external water cooling is used. The system is equipped with a 5-axis
manipulator with a maximum load of 15 kg. The Nikon Metrology Inspect-X Software 3.0
is used. [63,64].

Figure 1 shows the results of the 3D reconstruction of the sandstone core.

The sandstone (Figure 1) is a mainly homogeneous void space due to primary porosity.
There is no change of lithotypes. Intergranular supercapillary and capillary porosity is
observed throughout the core.

The UltraPoroPerm-500 Gas Permeameter—Porosimeter was used to determine the
effective porosity and absolute permeability of the core and manufactured synthetic spec-
imens. This is a system combining the functions of two devices in a single integrated
module that enables the measurement of specific gas permeability as well as the Klinken-
berg permeability, as well as core porosity under pressure. The open porosity coefficient
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on a standard size core was determined by the gas volumetric method. The determination
of porosity by gas-volumetric method is based on the Boyle-Mariotte law. The method
determines the volume of the core solid phase and its external volume. The void volume
is defined as the difference between the external volume of the core and the volume of its
solid phase. The absolute gas permeability coefficient was determined by the method of
stationary gas filtration. The method determines the constant (stationary) velocity of gas
filtration through the core in a linear direction under the effect of a pressure difference. In
the case of stationary filtration, the velocity is determined by the known volume of gas
passing through the core over a fixed period of time at a constant pressure difference. The
absolute error of the porosity measurement is up to 1%.

(b)

(c) (d)

Figure 1. Tomogram of sandstone core: (a) section along XY axis; (b) section along XZ axis; (c) section
along YZ axis; (d) 3D view of void space.

2.2. Creation of a Digital Core Model Based on Computed Tomography Results and Adaptation of
the Model for 3D Printing

In a number of studies, the authors report the insufficient resolution of 3D printers to
accurately reproduce the pore space of the core due to the small pore size. However, the
printing process directly reproduces the skeleton of the core model. It can be assumed that
the size of reproducible pores in a synthetic specimen can be as small as desired. Thus, not
only the pore size but also pore spacing matters.

The distance between neighboring pores may be too small to be reproduced given the
available 3D printer resolution. If such a solid segment of the digital model is recognized by
a slicer, then in the process of printing, the extruded material will block some of the area of
the adjacent pores, resulting in an undesired reduction of the pore space. Depending on the
slicer that is being used, either holes or solid segments of the model smaller than a certain
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size may be neglected when scanning a layer. In the first case, an undesired reduction, and
in the second case, an undesired expansion of the pore space will occur.

To minimize the effects associated with undesired pore space reduction or expansion,
and to simplify the generation of the layer filling trajectory in FFF 3D printing, isolated
pores were filtered out by size. Filtering out isolated pores smaller than a certain size
provided a more homogeneous environment and did not affect the permeability of the
digital core model.

CT images were prepared with isolated pores of at least 50, 100, and 150 pm and
without filtration. Isolated pores were not removed completely to preserve the internal
structure of the core. The last step is to generate a digital model based on the CT image and
further simplify the model while preserving the pore size. The Avizo Fire 7 software was
used to process the tomography results and create and adapt the digital core model.

The digital core model is imported into the slicer. Two slicers were used to generate
the layer filling trajectories and set the values of the FFF 3D printing parameters. The
Simplify3D slicer ignores solid segments of the model smaller than 100 um. The Cura
Ultimaker slicer ignores holes in the model smaller than 100 um.

Next, the control program is transferred to the 3D printer. The specimens were printed
using FFF 3D printer model p902 manufactured by Flyingbear 3D Technology Co., Ltd.
(Zhejiang, China). The resolution of the FFF 3D printer depends on the positioning accuracy
(5 um in XY axis, 2 pm in Z axis), nozzle bore diameter (0.1-1 mm), and layer height (0.05-
5 mm). A PLA semi-crystalline thermoplastic material in the form of a white filament
with a diameter of 1.75 mm produced by PrintProduct (St. Petersburg, Russia) [65] was
used for printing. The PLA glass transition temperature is about 50-65 °C [66-68], and the
temperature of complete melting of the crystalline phase is about 150-165 °C [66-68].

FFF 3D printing technology involves creating a product layer by layer by fusing
together filaments of thermoplastic material that are extruded through a hot nozzle. The
first layer of material is deposited to the platform.

Prior to printing, the platform and extruder are heated to the specified temperatures
Ty and Teyxt, respectively. Next, a thin layer of adhesive solution (polyvinylpyrrolidone
(PVP)-based glue) is deposited on the platform to ensure the secure attachment of the
specimen to the platform during the printing process.

3. Results and Discussion

To verify the hypothesis about the possibility to reconstruct the pore space of the
core in real-size by FFF 3D printing, a series of PLA plastic specimens was manufactured.
The influence of the different process parameters of FFF 3D printing on the porosity and
permeability of the specimens was studied.

3.1. FFF 3D Printing Process Parameters

As a rule, in the FFF 3D printing process, the platform temperature is maintained
above the glass transition temperature of the plastic, which provides better adhesion of the
first layer of the material to the platform. Keeping the plastic in a highly elastic state during
the long printing process leads to the compaction of the lower layers of the product and
slow passing of the thermoplastic filament coalescence process [66,69]. To minimize the
undesired pore space reduction caused by the said effects, after depositing the first layer of
material, the platform temperature T, was reduced from 70 to 40 °C. Adhesion of the part
to the platform during the printing process was ensured by an adhesive solution.

Nozzles with bore diameters of 0.25 and 0.3 mm were chosen to print the specimens.
The corresponding line width Iy, (0.25 or 0.3 mm) was software-specified during the slicing
of the digital core model, which determined the print resolution in the XY plane. The layer
height I, was set to 0.07 or 0.1 mm, which determined the print resolution in the Z axis.
Core specimens were printed at various combinations of layer height I, and line width Ly,.

One of the steps in calibrating a 3D printer to prepare for the printing process is
determining the material flow (extrusion multiplier, dimensionless units), which defines
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the volumetric flow rate of a particular material. By changing the material flow, it is
possible to adjust the filament width of the material at a constant filament height (layer
height I,). At the same time, the filament width can deviate to a greater or lesser extent from
the software-specified line width Iy,. Thus, for certain values of flow and Iy, line width,
both gaps and overlaps between neighboring material filaments can be provided. When
printing the specimens, the material flow varied from 0.63 to 0.98. In the Cura Ultimaker
and Simplify3d slicers, the ways to calculate the material flow (extrusion multiplier) are
slightly different.

The thermoplastic material extrusion temperature T,y was set as low as possible to
minimize the effects associated with spontaneous flow of plastic from the nozzle during
travel movements. Such stray flows of plastic may cause the pores to become clogged.
The temperature T,y reduction promotes faster solidification of the deposited material
and prevents deformation of the previous material layer due to overheating [70,71]. The
latter may lead to a disruption of the internal structure of the specimen and pore clogging.
Insufficiently high Tex may result in a low bond strength between layers [71-75] or an
interruption in the material extrusion process. During printing of the specimens, Tyt
increased from 180 to 195 °C simultaneously with an increase in the material volumetric
flow rate.

The linear printing speed was selected based on the possibility to extrude material at
minimum Ty and minimum material flow. A change in the linear printing speed leads to
a change in the extrusion speed, i.e., the volumetric material flow rate. The print speed of
the 0.3 mm nozzle was 40 mm/s, and that of the 0.25 mm nozzle was 35 mm/s.

The specimens were printed with a layer filling strategy similar to [40,46,57-60].
Lattice infill was used for the solid phase of the digital model. The layer filling density was
software-specified to 100%. The lattice filling direction was changed from layer to layer
according to the specified angles: 45°/—45°. The outer wall was generated at the solid
phase and void space boundaries both outside and inside the model for each layer. When
printing the specimens, the software-specified percentage of overlap between the infill and
the outer wall varied from 20 to 50%. The percentage of overlap determines the distance
between the infill and the outer wall, and thus the size of gaps between them.

When printing the specimens, plastic retracts were used at travel movements to
minimize the spontaneous flow of plastic out of the nozzle. A retract suggests pulling
the plastic back into the extruder by a certain distance. In some cases, when the travel
movement was completed and printing was resumed (restarted), 4 to 10% more plastic was
fed into the nozzle than was pulled back. Increasing the feed (restart distance) of plastic
after a retract helps compensate for the residual effect of stray plastic flow from the nozzle.
The retract distance was varied from 0.2 to 0.5 mm. The restart distance was varied from 0
to 0.54 mm. The retraction speed was 70 mm/s.

3.2. Results of FFF 3D Printing of Synthetic Core Specimens

PLA specimens were manufactured based on the results of computed tomography
and the obtained digital core model. Preparation of the digital core model for 3D printing
was performed using Cura Ultimaker and Simplify3d slicers. Core models with isolated
pores of at least 100 um and 150 um were selected for printing. The external appearance of
the core (sandstone No.10) and manufactured specimens is presented in Figure 2.

Table 2 presents the process parameters and results of the printing of the specimens
prepared in Cura Ultimaker slicer. Taking into account the internal program limitations of
the Cura Ultimaker slicer, a model with isolated pores of at least 100 um was selected for
printing. When printing specimens No.6, No.10, No.11, No.18, and No.26, plastic retracts
with a distance of 0.4 mm were used. At resumption (restart) of printing, no additional
volume of plastic was fed into the nozzle. The retract distance (0.4 mm) to which the plastic
was pulled back was equal to the restart distance (0.4 mm), i.e., to the length of the filament
that is fed into the nozzle when the printing process is resumed.
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Figure 2. External appearance of the core (sandstone No.10) and synthetic specimens.

Table 2. Process parameters and results of printing PLA specimens prepared in Cura Ultimaker slicer.

. o Permeability, Material Flow, Extrusion
Specimen No. Porosity, % mD du Temperature, °C
6 22.6 881.3 0.81 180
10 18.7 411.7 0.86 180
11 154 664.6 0.93 190
18 16.5 502.5 0.93 190
26 8 0.03 0.98 190

Specimens No.6, No.10, No.18, and No.26 were produced at the maximum printing res-
olution with a combination of nozzle diameter (software-defined line width) , = 0.25 mm
and layer height I, = 0.07 mm. Specimen No.11 was produced with [, = 0.1 mm.

Based on the measurements, the porosity of specimen No.6 was 22.6% and the per-
meability was 881.3 mD, against 14% and 271 mD of the original core. The data presented
in Table 2 shows that a gradual increase in material flow helped reduce the porosity and
permeability of the specimens to 16.5% and 502.5 mD (specimen No.18), respectively. How-
ever, further increase in material flow resulted in the porosity and permeability to drop to
8% and 0.03 mD (specimen No.26). To explain this fact, Figure 3 shows the CT results for
specimen No.6.

(@) (b)

Figure 3. Results of computed tomography of sectioned specimen No.6: (a) section in the XY plane
(z = 477 mm); (b) section in the XZ plane (y = 248 mm).
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Figure 3 demonstrates the presence of stray gaps between neighboring material fil-
aments (black lines are gaps, white lines are filaments). Thus, the void space inside the
specimen is formed not only by reconstructing the pore space of the core model, but also
by stray gaps in the lattice structure of the model’s solid phase infill. A similar result was
obtained by the authors of [40]. A gradual increase of material flow in specimens No.10,
No.11, and No.18 contributed to the reduction of gaps and pore size. When the stray gaps
were eliminated in printing specimen No.26, the effective porosity and permeability values
were found to be extremely low. Unfortunately, we were unable to achieve the goal of the
study with the Cura Ultimaker slicer.

The results of 3D printed PLA specimens prepared in Simplify3d slicer were divided
into four tables for different combinations of I, and I, parameters. Figure 4 shows a closeup
of the core (sandstone No.10) and specimen No.7.

(b)

(c) (d)

Figure 4. External appearance of the core (sandstone No.10) and specimen No.7 prepared in Sim-

plify3d slicer: (a) specimen No.7, side view; (b) core, side view; (c) specimen No.7, top view; (d) core,
top view.

Table 3 presents process parameters and printing results for specimens No.4, No.5,
No.12, and No.23 with maximum printing resolution at the combination of I, = 0.25 mm
and [, = 0.07 mm. Digital core models with minimum size of isolated pores of 150 um and
100 pm were used to print specimens No.4 and No.5, respectively.

According to the measurement results, specimens No.4 and No.5 have almost the same
porosity (44.2% and 44.5%). For this reason, a digital core model with a minimum isolated
pore size of at least 150 um was used to print the other specimens. A gradual increase of
material flow from 0.68 to 0.85 and the percentage of overlap between the infill and the
outer walls from 20% to 25% reduced the porosity of the specimens from 44.2% to 27.4%
and the permeability from 45,209 mD to 2142 mD. The reduction in void space in response
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to the increase in the material flow and percentage of overlap was as expected. This effect
has also been observed when 3D printing specimens with other Iy, and I, combinations.

Table 3. Process parameters and printing results for specimens prepared in Simplify3d slicer for
lxy = 0.25 mm and I, = 0.07 mm.

. . Permeability, Material Flow, Extrusion Retract/Restart
o, 4 4 o, 4
Specimen No. Porosity, % mD do Temperature, °C Overlap, % mm
4 44.2 45,209 0.68 180 20 0.4/0.4
5 44.5 38,757.5 0.68 180 20 0.4/0.4
12 31.9 13,159.7 0.8 185 25 0.4/04
23 27.4 2142.9 0.85 195 25 -

Figure 5 shows the results of the computed tomography of specimen No.4. Figure 5
shows stray gaps between neighboring filaments of material similar to specimen No.6
(Figure 3), but the porosity of specimen No.4 is approximately twice higher than that of
specimen No.6.

Figure 5. Results of computed tomography of sectioned specimen No.4: (a) section in the XY plane
(z = 477 mm); (b) section in the XZ plane (y = 245 mm).

Table 4 shows the process parameters and printing results for specimens No.2, No.15,
No.22, No.28, and No.33 at a combination of Iy, = 0.3 mm and /; = 0.07 mm.

Table 4. Process parameters and printing results for specimens prepared in Simplify3d slicer for
lxy = 0.3 mm and /; = 0.07 mm.

. s o Permeability, Material Flow, Extrusion o Retract/Restart,
Specimen No. Porosity, % mD do Temperature, °C Overlap, % mm
2 31.3 5680 0.63 180 20 0.5/0.52
15 19.7 1267.5 0.75 190 25 0.2/0.22
22 17 300.2 0.8 195 25 0.2/0.22
28 21.3 439.4 0.85 195 25 -

33 18 539.7 0.9 195 25 -
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Table 5 shows the process parameters and printing results for specimens No.3, No.13,
No.24, and No.29 at a combination of Iy, = 0.25 mm and /; = 0.1 mm.

Table 5. Process parameters and printing results for specimens prepared in Simplify3d slicer for
Iyy =0.25 mm and I, = 0.1 mm.

. . Permeability, Material Flow, Extrusion Retract/Restart
o, 4 ’ o, 4
Specimen No. Porosity, % mD do Temperature, °C Overlap, % mm
3 42 - 0.68 180 20 0.4/0.4
13 18.4 1725.8 0.8 185 25 0.2/0.22
24 17.3 851.1 0.85 195 25 0.2/0.22
29 241 23724 0.9 195 25 -

Table 6 shows the process parameters and printing results for specimens No.7, No.9,
No.14, No.21, No.27, No.31, No.32, No.37, No0.39, and Nos.42-46 at a combination of
lyy =03 mm and [; = 0.1 mm.

Table 6. Process parameters and printing results for specimens prepared in Simplify3d slicer for
lyy =0.3 mm and /; = 0.1 mm.

. o Permeability, Material Flow, Extrusion o Retract/Restart,
Specimen No. Porosity, % mD ty do Temperature, °C Overlap, % mm
7 32 81314 0.63 180 20 0.5/0.52
9 15.6 688.3 0.72 190 20 0.5/0.54
14 20.4 1518.1 0.75 195 25 0.2/0.22
21 18.1 393.7 0.8 195 25 0.2/0.22
27 18.2 525.4 0.85 195 25 -
31 20.1 747.7 0.85 195 20 -
32 13.5 442.3 0.9 195 25 -
37 115 335.4 0.85 195 40 -
39 17.5 680.5 0.8 195 40 -
42 10.6 427.2 0.82 195 50 -
43 12.7 418 0.88 195 30 -
44 11.6 341.2 0.87 195 35 -
45 11.9 485.7 0.83 195 45 -
46 12.8 337.8 0.92 195 20 -

The printing of specimens Nos.2-22 and No.24 was performed with plastic retracts
in travel movements. Tables 3 and 5 show that in printing specimens No.3, No.4, No.5,
and No.12, the plastic retracts were similar to those made in specimens No.6, No.10, No.11,
No.18, and No.26 (Table 2). Tables 4 and 6 show that when printing the specimens No.2 and
No.7, the retract distance was 0.5 mm, whereas the restart distance was 0.52 mm. That is,
when printing was resumed after a retract, 0.02 mm more filament was fed into the nozzle
than was pulled back.

When printing specimen No.9, the material flow was increased from 0.63 to 0.72
compared to specimen No.7. At the same time, the restart distance was increased from
0.52 to 0.54 mm (0.04 mm more than the retract). The measurement results showed that
specimen No.9 had a porosity of 15.6% and permeability of 688 mD compared to 32% and
8131 mD for specimen No.7, and 14% and 271 mD for the original core. Figure 6 shows the
CT results for specimen No.9 and the original core.

Based on the visual analysis of the CT images presented in Figure 6, it was suggested
that the total porosity of specimen No.9 is greater than that of the core, and the proximity
of the effective porosity and permeability values is caused by the clogging of pores and
channels in specimen No.9. This assumption was confirmed by the results of the digital
analysis of CT images, according to which the porosity of specimen No.9 was 19%.
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(b)

Figure 6. CT results for specimen No.9 and core in section: (a) section of specimen No.9 in the XZ

plane (y = 246 mm); (b) core section in the XZ plane (y = 251 mm).

Further, for specimens in Tables 4-6, the retract distance was reduced to 0.2 mm, and
the restart distance was reduced to 0.22 mm. These settings were used when printing
specimens No.13, No.14, No.15, No.21, No.22, and No.24 with various combinations of Iy,
and I,.

When printing specimen No.14, the material flow was increased from 0.72 to 0.75
and the percentage of overlap from 20% to 25% compared to specimen No.9. Despite this,
the porosity and permeability measurements of specimen No.14 showed an increase in
porosity from 15.6% to 20.4% and permeability from 688.3 mD to 1518.1 mD compared to
specimen No.9. An assumption was made that the reason for the increase in porosity and
permeability could be due to the decrease in restart distance. Now, at restart, the nozzle
was additionally fed with 0.02 mm of filament instead of 0.04 mm.

When printing specimens No.21, No.22, and No.24, the material flow was increased
by 5 units compared to specimens No.13, No.14, and No.15. The expected results were
obtained. The porosity of specimen No.21 decreased from 20.4% to 18.1% and permeability
from 1518.1 mD to 393.7 mD compared to specimen No.14. The porosity of specimen No.22
decreased from 19.7% to 17% and the permeability from 1267.5 mD to 300.2 mD compared
to specimen No.15. The porosity of specimen No.24 decreased from 18.4% to 17.3% and
permeability from 1725.8 mD to 851.1 mD compared to specimen No.13.

3.2.1. Three-Dimensional Printing of Synthetic Specimens without Plastic Retracts

The gradual increase in the material flow resulted in the conditions when the material
did not have time to warm up to a temperature sufficient for stable extrusion. This problem
was solved by increasing the extrusion temperature Tey. At the same time, the operation
at low extrusion temperatures ensured the minimization of the stray flow of plastic from
the nozzle during travel movements. Considering the assumption made on the basis of
comparing specimens No.9 and No.14, retracts were disabled.

When printing specimen No.23, the material flow was increased from 0.8 to 0.85
compared to specimen No.12, and plastic retracts were disabled. The measurement results
showed that the porosity of specimen No.23 decreased from 31.9% to 27.4% and the
permeability from 13,159.7 mD to 2142 mD. The 4.5% decrease in porosity is comparable
to the results of comparing specimens No.21 and No.14, No.22 and No.15, and No.24 and
No.13, where the retract settings are the same and only the material flow was changed
by 5 units. Thus, to prevent pore clogging due to the stray flow of plastic from the
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nozzle during travel movements, it suffices to lower the extrusion temperature T,y to the
minimum possible.

When printing specimens No.27, No.28, and No.29, material flow was increased
by 5 units compared to specimens No.21, No.22, and No.24, and plastic retracts were
disabled. As a result, the porosity of specimen No.27 increased from 18.1% to 18.2% and
the permeability from 393.7 mD to 525.4 mD compared to specimen No.21. The porosity
of specimen No.29 increased from 17.3% to 24.1% and the permeability from 851.1 mD to
2372.4 mD compared to specimen No.24. The porosity of specimen No.28 increased from
17% to 21.3% and permeability from 300.2 mD to 439.4 mD compared to specimen No.22.
Similar increases in effective porosity and permeability were observed when comparing
specimens No.14 and No.9.

It can be concluded that at low temperatures Tey, the use of retracts and restarts with
increased plastic feed led to the clogging of pores and channels. In other words, as the
restart distance increases, the porosity and permeability of the specimens decrease. This
explains the results of the comparison of specimen No.9 and the core (Figure 6). In some
cases, retracts and restarts with increased plastic feed can be used to control the porosity
and permeability of synthetic rock specimens or other porous media.

It should also be noted that an increase in the nozzle diameter or layer height leads
to a decrease in porosity and permeability. At a layer height of 0.1 mm, this effect can be
observed when comparing specimens No.24 (nozzle diameter 0.25 mm) and No.32 (nozzle
diameter 0.3 mm). The porosity of specimen No.24 is 17.3% versus 13.5% for specimen
No.32. At a layer height of 0.07 mm, this effect can be observed when comparing specimens
No.23 (nozzle diameter 0.25 mm) and No.28 (nozzle diameter 0.3 mm). The porosity of
specimen No.23 is 27.4% versus 21.3% for specimen No.28. The effect of layer height can
be observed when comparing specimens with a nozzle diameter of 0.3 mm. The porosity
of specimen No.27 (layer height 0.1 mm) is 18.2% versus 21.3% for specimen No.28 (layer
height 0.07 mm). The porosity of specimen No.32 (layer height 0.1 mm) is 13.5% versus
18% for specimen No.33 (layer height 0.07 mm).

3.2.2. Dependence of Porosity and Permeability of a Synthetic Specimen on Material Flow
and Percentage of Overlap

The porosity and permeability of the specimens as a function of material flow and
overlap percentage were studied at a combination of Iy, = 0.3 mm and I, = 0.1 mm. The
material flow varied from 0.8 to 0.92 and the percentage of overlap from 20% to 50%. The
extrusion temperature was kept constant and equal to T,y = 195 °C; the retracts were
disabled. Results for printing of specimens Nos.27-46 are given in Table 6.

When printing specimen No.31, the overlap percentage was reduced from 25% to 20%
compared to specimen No.27. As a result, the porosity of specimen No.31 increased from
18.2% to 20.1% and the permeability increased from 525.4 mD to 747.7 mD compared to
specimen No.27. When printing specimen No.32, the material flow was increased from
0.85 to 0.9 compared to specimen No.27. As a result, the porosity of specimen No.32
decreased from 18.2% to 13.5% and the permeability from 525.4 mD to 442.3 mD compared
to specimen No.27. A similar pattern is also seen in the comparison of specimens No.37
and No.27, No.39 and No.37, and No.31 and No.46.

The printing results showed that as the material flow or overlap percentage decreases,
the porosity and permeability of the specimens increase. The porosity and permeability of
the specimens decrease when the material flow or overlap percentage increases. For the
material flow, the same pattern was demonstrated earlier in Tables 2-5, and was as expected.

Overlap percentage and material flow correlate. Changing the material flow changes
the width of the material filament for both the infill and the outer wall, resulting in a change
in the magnitude of overlap between them. Software-specified changes in the percentage
of overlap can increase or decrease this effect.
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Table 7 shows the printing results for specimens Nos.27-46 as a matrix where the
porosity index of the specimens corresponds to the values of the material flow and the
percentage of overlap with which the specimens were manufactured.

Table 7. Porosity of specimens at a given material flow and percentage of overlap.

Flow of Material, d.u.
\ 0.8 0.82 | 0.83 0.85 | 0.87 | 0.88 0.9 0.92

c\° 20 20.1 12.8 <
N 25 18.2 13.5 '
g 30 12.7 &
= 35 11.6 e
= 40 17.5 11.5 £
> 45 11.9

o 50 10.6

cegend NN 10(min) %

Table 8 shows the results of printing specimens Nos.27—46 as a matrix, where the
permeability index of the specimen corresponds to the values of the material flow and the
percentage of overlap with which the specimens were produced.

Table 8. Permeability of specimens at a given material flow and percentage of overlap.

Flow of Material, d.u.
0.8 0.82 0.83 0.85 0.87 0.88 0.9 0.92
- 20 747.7 33780 AN
s 25 525.4 4423 =
b B
£ 30 418.0 E
& 35 341.2 =
] [+
= 40 680.5 335.4 g
2 45 485.7 £
o 50 4272 &

Tables 7 and 8 show that by increasing material flow and simultaneously reducing the
percentage of overlap, an increase in effective porosity and a decrease in permeability can
be achieved. And vice versa, by increasing the overlap percentage and simultaneously de-
creasing the material flow, a decrease in effective porosity can be achieved while increasing
the permeability. When printing specimen No.46, the material flow was increased from 0.82
to 0.92 and the overlap percentage was reduced from 50% to 20% compared to specimen
No.42. As a result, the porosity of specimen No.46 increased from 10.6% to 12.8% and the
permeability decreased from 427.2 mD to 337.8 mD compared to specimen No.42.

Based on the information presented in Tables 7 and 8, it can be concluded that the
dependence of porosity and permeability of the specimens on material flow and overlap
percentage has a wave-like nature. The plots of dependence of the porosity and permeability
of the specimens on the FFF 3D printing parameters are shown in Figure 7.

The possibility to vary the width of the material filament and the percentage of overlap
between the infill and the outer wall is not unique to FFF 3D printing. Understanding the
nature of this dependence can provide the possibility of flexible control of the porosity
and permeability of synthetic specimens and facilitate the achievement of the desired
performance when reconstructing the pore space of rocks (or other porous media) using
different 3D printing technologies.

=]
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Figure 7. Plots of dependence of the porosity and permeability of the specimens on the FFF 3D

printing parameters: (a) dependence of porosity on material flow and percentage of overlap; (b) de-
pendence of permeability on material flow and percentage of overlap.

To better understand the nature of the obtained dependence, a more detailed study
of FFF 3D printing of PLA specimens, fabrication of synthetic core specimens of other
types (limestone, clay, shale, etc.), from different materials, and using different 3D printing
technologies is required.

As a result of this study, two synthetic specimens were produced with porosity and
permeability values extremely close to those of the original core (14% and 271 mD). The
porosity of specimen No.32 was 13.5% and permeability was 442.3 mD. The porosity of
specimen No.46 was 12.8% and permeability was 337.8 mD.

Thus, it is possible to reconstruct the pore space of the core in real-size using FFF
3D printing with sufficiently high accuracy. The obtained dependence pattern (Figure 7)
indicates the possibility of a further reduction of the error in reconstructing the porosity
and permeability of the core by changing the parameters of FFF 3D printing. The demon-
strated results (specimens No.32, No.46) were achieved at the lowest printing resolution

(Iyy = 0.3 mm, [; = 0.1 mm). The printing results given in Tables 3-5 justify an assumption
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that if other combinations of I, and I, were used, the desired porosity and permeability
values could have also been achieved. In addition, the combinations of I, and I, provided
for higher printing resolution can be used to reproduce the structure of other rock types
(limestones, clays, shales, etc.).

4. Conclusions

An approach to the real-size reconstruction of porous media with given (target) poros-
ity and permeability by controlling the parameters of FFF 3D printing using CT images of
the original core is proposed. Real-size synthetic core specimens were manufactured on
the basis of CT images by means of FFF 3D printing. The possibility of reconstructing the
reservoir properties of sandstone cores was demonstrated. The results of gas porometry
measurements showed that the porosity of specimens No.32 and No.46 was 13.5% and
12.8%, and permeability was 442.3 mD and 337.8 mD, respectively. The porosity of the
original core was 14% and permeability was 271 mD.

In the course of this research, it has been shown that controlling the FFF 3D printing
parameters allows us to create structures with different (target) porosity and permeabil-
ity parameters.

It was found that changing the layer height and nozzle diameter, as well as the retract
and restart distances, has a direct effect on the porosity and permeability of synthetic
specimens. An increase in the nozzle diameter or layer height leads to a decrease in
porosity and permeability. At low temperatures T,y, the use of retracts and restarts with
increased plastic feed led to clogging of pores and channels. In other words, as the restart
distance increases, the porosity and permeability of the specimens decrease.

The dependence of the porosity and permeability of synthetic specimens on the flow
(volumetric flow rate) of the material and the percentage of overlap between the infill and
the outer wall during FFF 3D printing was revealed. The printing results showed that as
the material flow or overlap percentage decreases, the porosity and permeability of the
specimens increase. The porosity and permeability of the specimens decrease when the
material flow or overlap percentage increases. At the same time, by increasing material flow
and simultaneously reducing the percentage of overlap, an increase in effective porosity
and a decrease in permeability can be achieved. And vice versa, by increasing the overlap
percentage and simultaneously decreasing the material flow, a decrease in effective porosity
can be achieved while increasing the permeability.

Understanding the nature of this dependence can provide the possibility of flexible
control of porosity and permeability of synthetic specimens and facilitate the achievement
of the desired performance when reconstructing the pore space of rocks (or other porous
media) by different 3D printing technologies.

To better understand the nature of the obtained dependence, a more detailed study
of FFF 3D printing of PLA specimens, fabrication of synthetic core specimens of other
types (limestone, clay, shale, etc.), from different materials, and using different 3D printing
technologies is required.

The obtained results will be used to create synthetic core specimens from thermoplastic
composites with natural filling and from materials based on natural components.
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