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Abstract:

The effect of confining pressure on the hydraulic conductivity of capillaries in cylindrical
samples is examined. The three-dimensional-printed samples were made from photopoly-
mer resin. Capillaries in the samples were modeled by grooves of various geometric shapes.
The mechanism of capillary deformation in the samples under increasing confining pressure
has been identified. The change in capillary conductivity depending on their location
(central and lateral) and configuration (sinuous) has been revealed. Based on correction
functions for the geometric dimensions of the capillaries, it has been mathematically
confirmed that under confining pressure, a capillary deforms primarily along the contact
plane due to the sliding of the sample’s halves against each other. The width of a capillary
is more sensitive to confining pressure than its depth. It has been established that the
exponent in the conductivity (permeability) equation of the samples under cyclic loading
is determined by the hydraulic area of the capillary. The obtained values of the width
and depth correction factors allow for predicting changes in the filtration resistances
of capillaries in various materials. Capillary deformation manifests as a change in its
geometric dimensions (height and width), i.e., the crushing of the capillary banks is
observed, leading to a reduction in the capillary’s hydraulic area, which causes a decrease
in sample conductivity with an incomplete hysteresis.

1. Introduction

The permeability of channels (fractures or capillaries) in
deformable media is a critically important parameter studied
in various fields, including medicine (e.g., muscle contrac-
tion) (Planas-Paz and Lammert, 2013), bioengineering (e.g.,
cartilage biomechanics) (Eschweiler et al., 2021; Petitjean

et al., 2022), membranes (Persson et al., 1995; Dawson et
al., 2007; Aghajani et al.,, 2017), and fuel cells (Khetabi
et al., 2019). In the context of rock mass, the width of a
fracture opening, known as its aperture, is a critical parameter
influencing key engineering applications such as naturally
fractured reservoir dynamics (Paluszny and Matthai, 2010;
Boro et al., 2014; Fan et al., 2015), drilling operations (Al
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Mteiri et al., 2020), hydraulic fracturing (Yang et al., 2018;
Gehne and Benson, 2019; Wei et al., 2024), enhanced oil
recovery (Poplygin et al., 2024), well remedial cementing
(Ketova, 2017), carbon dioxide sequestration (Xue et al., 2025)
and groundwater resource management (Ouf et al., 2024). In
geotechnical engineering, conductivity is also a key parameter
in soil improvement projects for ground dewatering using pre-
fabricated vertical drains (or wick drains) (Kamal et al., 2025;
Kuganeswaran et al., 2021). An increase in vertical pressure
(due to soil compaction) leads to greater radial pressure on the
wick drains, resulting in reduced channel permeability (Tran-
Nguyen et al., 2010; Bo et al., 2016). Furthermore, channel
permeability is also an important parameter in the field of
microfluidics (Ma et al., 2025).

In some extent fractures in rocks are similar to capillaries.
It is known that an increase in confining pressure leads to
a reduction in the aperture of capillaries within the material
and, consequently, a decrease in fluid flow through the fracture
(Kozhevnikov et al., 2023). As noted in (Bandis et al., 1983),
understanding the deformation response of rock joints is
critical for assessing rock permeability. Shear fractures in rock
masses are the main channels for the filtration of formation
waters. The study (Kim and Inoue, 2003) demonstrated that the
permeability of shear fractures is predominantly influenced by
the roughness of the fracture surfaces and its alteration due to
shear. Among the known constitutive laws describing fracture
deformation are the models by Goodman (1974), Bandis et
al. (1983), Sun and Lin (1983) and Rong et al. (2011). The
work (Feng et al., 2023) notes that for water filtration through
a cylindrical shale sample, cut lengthwise, the relationship
between confining pressure, hydraulic aperture, and flow rate
is most accurately described by the Sun model. Furthermore,
it is often the case that after applying the confining pressure,
the rocks are in a state of hydrostatic pressure, and the pre-
existing cracks are closed (Zuo et al., 2019).

In the study of flow capacity, the cubic law has found
widespread application. This law states that the flow rate
of a fluid through a fracture consisting of parallel plates is
proportional to the cube of the fracture aperture (Witherspoon
et al., 1980). However, a different approach is required for
channels with constrained geometric dimensions. Hydraulic
conductivity (like permeability) characterizes the ability of a
porous medium to transmit fluid. Unlike permeability, how-
ever, conductivity accounts for the hydraulic head (hydraulic
gradient) and is measured in units of velocity, such as centime-
ters per second (see, for example, Goodman, 1989, Section
2.5).

The most common manifestation of the phenomenon of
changing filtration characteristics of rocks is the reduction
of rock permeability during the development of hydrocarbon
fields (Vogler et al., 2016; Kluge et al., 2021), coal mining
(Wang et al., 2022), and underground construction (Zhou et
al., 2020).

It is generally accepted that the filtration characteristics
(permeability or conductivity) under load, including cyclic
loads, decrease as a result of capillary closure (Kozhevnikov
et al., 2023). The primary reason for the permeability re-
duction in fractured rocks is the compaction of the internal

structure of the sample subjected to compression (Hofmann
et al., 2016). However, the precise mechanism of how the
capillary compaction process occurs in a cylindrical sample
under confining pressure remains not fully understood. Since
the capillary conductivity of the media is a viable characteristic
therefore it is of particular interest to study the changes in
capillary conductivity depending on confining pressure.

The advancement of additive technologies (such as 3D
printing) allows for the experimental demonstration of cap-
illary deformation processes inside a cylindrical sample
(Ibrahim et al., 2021; Azin et al., 2025). Using 3D-printed
samples of the rock plug size, this article investigates the
influence of changes in the geometric dimensions of capil-
laries inside a sample on the sample’s filtration characteristics
(conductivity). The article is structured as follows. Section 2
describes the materials and methods used in the study. Section
3 presents the results of the experimental and analytical
research and their discussion. The conclusions are provided
in Section 4.

2. Materials and methods

The stereolithography (SLA) technology was used to fab-
ricate the model samples, as SLA printing is widely employed
in geosciences, particularly for producing porous and capillary
rock replicas (Chen et al., 2023; Almubarak et al., 2024).
The sample size is 30 mm in diameter and 30 mm in length.
The material for the models was photopolymer resin, which
hardens layer by layer when exposed to ultraviolet light.
During the 3D-printing of a cylindrical sample with an internal
capillary, the solidification process of the sample can lead to
the deformation of porous structures (adhesion of the capillary
walls), which prevents maintaining the specified capillary
geometry. To address this issue and study the deformation
behavior of the rock under load for samples with defined
capillary geometries, a methodology for manufacturing a 3D-
sample model was developed. According to this methodology,
the cylinder is fabricated as two separate halves to ensure
the capillary’s integrity. One half is solid, while the other
has a groove on the contact surface with the first half (Fig.
1(a)). The shape of the groove is shown in Fig. 1(b)). In this
study, a capillary is modeled by a groove with a specified
depth and width. The capillary acts as a physical model of
the sample’s pore space through which filtration occurs. To
minimize scattering effects during printing, the capillary has a
rectangular shape (Fig. 1(b)). The samples were printed with
supports, oriented with the capillary facing the display (Fig.
1(c)).

The manufacturing process involves creating a digital
model (Figs. 1(a) and 1(b)), preparing the digital model for
printing-specifically by arranging support structures designed
to prevent model deformation during printing-and subsequent
printing (Fig. 1(c)). After the printed models were removed,
they were cleaned of residual resin by placing them in an
ultrasonic bath with isopropyl alcohol. Following printing, the
capillaries were inspected for defects and contaminants using
a microscope (Fig. 1(e)). If necessary, the capillaries were
cleaned using a soft-bristled brush, which is incapable
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Fig. 1. Stages of manufacturing a 3D-printed sample with a capillary in the middle: (a) shape and dimensions of the model
half, (b) capillary shape, (c) samples on the 3D-printer during printing, (d) printed half of the sample with a capillary, (e)
micrograph of the sample with a capillary and (f) assembled 3D-printed sample consisting of two halves with a capillary inside.

Fig. 2. Sample with a (a) laterally located straight capillary
(Type B) and (b) microcapillary.

of damaging the main body of the model. The finished half of
the sample is then assembled with the half without a capillary
to conduct filtration studies.

Four types of 3D-printed samples were manufactured:
(A) samples with a centrally located straight capillary and a
smooth contact surface (Fig. 1(d)), (B) samples with a laterally
located straight capillary and a smooth contact surface (Fig.
2), (C) samples with a centrally located sinuous capillary and
a smooth contact surface (Fig. 3).

To obtain the relationships between capillary conductivity
and deformation, a series of samples with 12 different width
and height combinations were manufactured. Each combina-
tion gave the 3D-printed sample a unique initial capillary
conductivity. The groove characteristics are presented in Table
1. In total, over 70 samples with capillaries of different
sizes, shapes, locations, and contact surface configurations
were manufactured for the study to simulate sliding during
deformation and the closure of relaxation cracks (Fig. 4).

After printing, the samples were visually inspected for
surface smoothness (Fig. 1(d)) and capillary cleanliness (Fig.
1(e)). Subsequently, the assembled model (Fig. 1(f)) was

placed in the core holder of the UltraPoroPerm-500 filtration
setup. Filtration studies were conducted by injecting nitrogen
according to the following procedure (Fig. 5). Using a manual
pump (1), the 3D-printed sample (3) in the sample holder
(2) was subjected to a confining pressure applied by a rubber
sleeve. Using a gas flow regulator (4), nitrogen from a cylinder
(6) was directed in a specified volume through a system of
tubes into the 3D-printed sample (3). The personal computer
(5) and the measurement system (7) were used to measure
the pressure across the sample (3) between the inlet channel
and the outlet channel. This recorded the pressure differential,
which characterizes the flow resistance encountered during gas
flow through the porous medium. More details on experimental
set-up can be found in (Kozhevnikov et al., 2024).

Prior to conducting the filtration studies, tests were per-
formed to verify the absence of nitrogen leakage along the
contact plane between the two halves of the 3D-printed sam-
ple. For this purpose, two solid halves without grooves were
assembled and placed in the core holder under a confining
pressure of 2.76 MPa (400 psi). The test results confirmed
that the sample composed of two solid halves was sealed at a
nitrogen injection pressure of 0.7 MPa (101 psi). Thus, it was
established that flow occurs exclusively within the capillary,
and the presence of the contact surfaces and their configuration
does not affect the accuracy of the obtained experimental data.

In order to ensure the laminar flow additional prior tests
were conducted. Depending on the groove dimensions of the
samples, a nitrogen flow rate from 0.16 to 1 cm?/s corresponds
to the linear flow regime. The plots (Fig. 6) show the pressure
drop across the samples and the friction factor versus the
Reynolds number (Re). The dependencies are linear at Re up
to 100, which corresponds to laminar flow. Thus, despite the
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Fig. 3. 3D-models and 3D-printed samples with sinuous capillaries (Type B) and different tortuosity values 7.

Table 1. Characteristics of the grooves in the 3D-printed samples.

Capillary

characteristic

Width w (um) 300 300 250 350
Height 4 (um) 100 150 200 100
Initial conductivity 024 052 052 055

(x107 cm3/(sec - Pa))

350
150

0.79

400 450 350 450 400 400 450
100 100 200 150 150 200 200
1.06 1.19 208 235 237 7.81 1212

small filtration area compared to core samples, the laminar
flow regime in the replicas is maintained at sufficiently high
flow velocities for Re up to 100. In contrast, in a porous
medium, due to its tortuosity, the transitional flow begins at
Re from 10, and according to some data, from 1. The friction
factor for laminar flow in replicas with a straight channel is
described by the classical Blake-Kozeny equation: A = 150/Re
which corresponds to the friction factor for packed beds
of identical spheres. For comparison, the graph (Fig. 6(b))
shows the calculated values from the experimental data and
from the A = 150/Re equation; the obtained values are in
agreement. The friction factor is derived from the Darcy-
Weisbach equation:

L 2
dP:APf:lfip

Dy 2 (1)
a—ap 2

where L stands for groove length, mm; dP stands for differ-
ential pressure; Py stands for friction losses, Pa; A stands for
friction coefficient; Dj, stands for groove’s diameter; ¥ stands
for fluid velocity through the groove, m/s; p stands for fluid’s
density, kg/m?).

Filtration tests were conducted at a constant nitrogen
injection pressure under cyclic confining pressure according
to the methodology proposed in (Kozhevnikov et al., 2024).
Since the sample material (except the capillary itself) is non-
porous and nitrogen flows exclusively through the capillary,

conductivity was chosen as the convergence criterion instead
of permeability. The instantaneous nitrogen conductivity of
the samples was determined experimentally as the ratio of the
measured nitrogen flow rate, accounting for compressibility, to
the measured pressure gradient across the sample, using the
formula:

# 2)
(Py—F3)/BL

where Q stands for measured nitrogen flow rate, cm’/s; Py
stands for measured nitrogen injection pressure, Pa; P, stands
for measured outlet pressure, Pa.

In order to assess the changes in the conductivity of
capillaries in various material, taking their deformation into
account, the methodology was developed which consists of
the following steps: (i) Creating 3D-printed samples with
varying capillary locations and configurations, (ii) performing
cyclic and flow experiments, (iii) identifying the discrepancy
between the theoretical and experimental conductivity of the
samples, (iv) determining adjustment functions that reflect the
actual deformation of the capillary, (v) obtaining the actual
capillary conductivity as a power function of the load. The
results given in the following Section 3 were obtained using
the methodology hereabove.

The numerical simulation was done in ANSYS package
based on the following input parameters. Isotropic elasticity
was derived from Young’s modulus and Poisson’s ratio (Table
2). Mesh detail is given in Table 2. Boundary conditions are

C=
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Fig. 4. 3D-printed samples.

101

Fig. 5. Schematics of the core model testing setup: (1) Manual pump for maintaining confining pressure, (2) sample holder,
(3) 3D-printed sample, (4) nitrogen flow regulator, (5) computer, (6) nitrogen cylinder, and (7) measurement system.

given in Table 2.

3. Results and discussion

Before analyzing the results obtained from the experimen-
tal modeling, it should be noted that the cyclic loading of
the 3D-printed samples is performed within their linear elastic
regime (corresponding to the quasi-elastic zone identified in
Kozhevnikov et al. (2025)). In that regime stress and strain are
linearly related by Young’s modulus. The study (Kozhevnikov
et al., 2025) also showed that Young’s modulus values range
from 3,893 MPa for a sample with a layer orientation of
60° to 4,272 MPa for a sample with layers parallel to the
load. The elasticity of the samples is clearly demonstrated
in the experiments to determine hydraulic conductivity under
cyclic loading. As can be seen from Fig. 7, three load-unload
cycles were applied to the sample by the rubber sleeve. The
confining pressure was discretely increased from 3 to 14 MPa.
The increase in sample confining pressure corresponds to a
measured decrease in capillary conductivity from 2.25 x 1073
to 1.85 x 10™> cm?>/(s-Pa) on the filtration setup.

The complete recovery of conductivity after the second
and third load-unload cycles to the level observed after the
first cycle indicates elastic deformation of the sample and the
return of the capillary’s geometric dimensions to their original
values. Thus, all effects observed in the experiment are studied
within the regime of elastic deformation, without failure.

3.1 Schematic of elastic groove deformation

A schematic representation of capillary deformation is
shown in Fig. 8. In the case of a centrally located capillary
(Fig. 8(a)), an increase in sample confining pressure leads to
a reduction in the vertical dimensions of the capillary. Due to
frictional forces between the halves, the capillary banks (walls)
are drawn towards the center of the sample, forming an isosce-
les trapezoid. In the case of a laterally located capillary (Fig.
8(b)), the capillary banks converge asymmetrically (unlike the
central placement), forming a trapezoid whose edge farther
from the center has a greater inclination compared to the edge
closer to the center. This is due to the greater deformation of
the outer part of the sample.

Frictional forces Fy, elastic forces F4y and confining
forces Feony are the key factors determining capillary de-
formation. In the case of a centrally located capillary, the
sample material provides uniform horizontal support around
the capillary. When confining pressure is absent Fg,,r = 0,
the capillary maintains a rectangular shape (Fig. 9(a)), and its
walls are perpendicular to the base. When confining pressure is
applied and increased, compressive stresses along the plane of
the capillary exceed the elastic restoring forces Feonr > F -
The lack of material support in the capillary region leads to an
elastic inward displacement of the capillary walls toward the
sample’s axis. Simultaneously, frictional forces between the
halves slightly resist the wall convergence (Fig. 9(b)), acting
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Fig. 7. The effect of confining pressure on the conductivity of
a capillary in a 3D-printed sample.

in the opposite direction. When confining pressure is de-
creased, the frictional forces hinder the walls from returning
fully to their initial position (Fig. 9(c)). In the case of a lat-
erally located capillary, the developed radial stresses are non-
uniform. Consequently, the deformation is more pronounced
on the far bank of the capillary (the one farther from the
center).

During the experiment, it was established that the di-
mensions of the capillary under confining pressure in the
core holder differ from their initial dimensions. For each
sample, the maximum and minimum conductivity values over
the entire testing period were identified. The graphs show
the maximum and minimum conductivity of the samples
under cyclic loading versus the hydraulic area of the grooves
(Fig. 10). It was found that the conductivity values can be
conditionally divided into three clusters, each corresponding
to a specific capillary depth A.

3.2 Adjustment of capillary dimensions under
uniaxial loading

Since the conductivity values of the grooves obtained from
the model differ from the values obtained experimentally, an
adjustment of the geometric dimensions (width Aw and depth
Ah) of the grooves was performed. This correction accounts for
their location (central and lateral) and configuration (sinuous),

Table 2. Parameters.

Type Parameter Value
Diameter (mm) 30
Length (mm) 30
Model parts (-) 2 half-cylinders
Young’s modulus

Material  (Gpy) 1.55
Poisson’s ratio (-) 0.4
Bulk modulus (GPa) 2.58
Shear modulus
(MPa) 0.55
Groove cross-section
width (mm) 0.45
Boundary box (-) 51.962
Average surface

Mesh (mm?2) 504.24
Minimum edge size

0.2

(mm)
Span angle center (-)  Coarse

Boundary Displacement Ax =0 in any direction

conditions

400-800-1200-1600-2000

Confining pressure psi (2.76-13.8 MPa)

without considering cyclic loading. The proportions of the
residual width Aw and depth Ak of the grooves were deter-
mined using the formulas:

Aw — Weor 3)
hW

A — eor 4
7 “)

where we,, and he,, are corrected groove width and depth, m;
w and h represent initial width and depth, m.

Using the adjusted groove dimensions, the dependencies
of conductivity on the adjusted hydraulic area of the grooves
were obtained (Fig. 11), as well as the dependencies of the
calculated residual width (Fig. 12(a)) and depth (Fig. 12(b))
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Fig. 10. Dependence of (a) the maximum and (b) minimum conductivity of the samples on the model hydraulic area of the
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of the grooves after cyclic loading on the initial geometric
size. Fig. 13 shows the dependencies of the exponent n of
the power-law equation on the adjusted hydraulic area of the
grooves before cyclic loading and after cyclic loading.

3.3 Adjustment of capillary dimensions under
cyclic loading

An adjustment of the geometric dimensions of the sample
grooves was performed, accounting for the change in their
hydraulic resistance under cyclic loading. To assess the cor-
rectness of the adjustment, the value of the pressure differential
between the inlet and outlet of the sample during nitrogen
injection was used. The pressure differential for the flow is a
function of velocity, area, and flow regime:
2 _p2
B2l _fo.s) 5)
Fo

where S is cross-sectional area, m%; ¥ stands for velocity,
m/s; P, and P, are pressures at the inlet and outlet of the
sample, Pa. The flow velocity is determined by the nitrogen
flow rate and the hydraulic area of the capillary. The Reynolds
number Re is a dimensionless quantity characterizing the ratio

of inertial forces to viscous friction forces:

__pY¥D, 9D, QD
T a v s

Re (6)

1%

where p and v are dynamic, Pa-s; and kinematic (m?/s)
viscosities, which depends on pressure differential and tem-
perature. The experimental conditions were isothermal, and
the pressure differential varied from 6 to 37 kPa (depending
on the capillary conductivity). The hydraulic diameter of a
rectangular channel is calculated using the formula:

2wh
— (N
w+h

For a correct assessment of the pressure differential at
a measured conductivity, it is necessary to account for the
frictional pressure losses, which are determined by the Darcy-
Weisbach equation:

=

L 2
Apo5P 8)

It can be seen from Eq. (6) that capillary deformation
affects the friction factor A, the hydraulic diameter D;, and
the flow velocity ¥. The adjusting parameters are the capillary
width w and depth h. A power-law dependence of the capillary
width w and depth % on the confining pressure was chosen as
the adjustment function. The results of the adjustment and a
comparison of the actual pressure differential dPy,;, measured
on the filtration setup, with the calculated pressure differential
dP,,. assuming a constant capillary area, and the adjusted
pressure differential dP.,,, which accounts for the adjusted
hydraulic area of the grooves, are presented in the graphs in

dP = APy =
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Fig. 14 for w =250 um, h =200 um (see Appendix for the
whole w-h combinations). The adjustment functions for groove
width (we,r/w) and depth (he,r/h) are presented in the graphs
(Fig. 15).

Based on the adjustment functions for the geometric di-
mensions of the grooves, it has been mathematically confirmed
that under confining pressure, the capillary deforms primarily
along the contact plane due to the sliding of the sample’s
halves against each other. The capillary width is more sensitive
to confining pressure. The exponents of the power-law equa-
tions describing the width change have a greater magnitude
(e.g., -0.094 in Fig. 15(a)) compared to the exponents for the
capillary depth (e.g., -0.06 in Fig. 15(a)). The obtained values
of the width and depth correction factors allow for predicting
changes in the filtration resistance of the grooves.

The accuracy of the obtained adjustment functions in Fig.
15 was verified using the classical power-law equation for
sample conductivity (permeability) versus confining pressure
under cyclic loading:

k= kPl ©)

where k, stands for initial conductivity, cm?®/(s x Pa); k
stands for actual conductivity, cm? /(s x Pa); P.onf is confining
pressure (Pa); n is the exponent characterizing the sensitivity
of the sample’s conductivity to the confining pressure. Based
on the results of the experimental and analytical analysis, it

was established that the sample conductivity is sensitive to
the capillary area Sj, ,,. Therefore, the exponent n in Eq.
(7) should also depend on the capillary area Sj, (,r. To verify
this, the sample conductivity k and the capillary area S; .o,
were normalized relative to the confining pressure P.y,r. An
iterative variation of the variable (capillary area Sj, .,,) in Eq.
(7) showed (Fig. 16) that the sample conductivity increases
with increasing capillary area.

Since the exponent n of the power-law Eq. (7) has a linear
dependence on the actual (adjusted) capillary area, it can be
confidently stated that the proposed mechanism for changes in
capillary conductivity in cylindrical samples under confining
pressure is valid.

4. Conclusions

This study conducted experimental investigations into the
influence of capillary deformation in cylindrical samples of
rock plug size on their hydraulic conductivity. Capillary de-
formation was studied using 3D-printed samples fabricated
from polyurethane via SLA technique. Based on numerous
laboratory experiments involving cyclic loading (compaction)
of samples and fluid (gas) flow, the influence of the capillary’s
location and configuration within the sample on capillary
conductivity was examined. Changes in conductivity were
recorded based on the pressure differential between the sam-
ple’s inlet and outlet. Based on the results obtained, the foll-
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Fig. 15. Adjustment functions for the geometric dimensions of the grooves under cyclic loading for combinations of w and A:
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h =150 pm; (e) w =350 um, 2= 150 pum, side groove and (f) w =400 um, & = 150 pm.

o 035
f=) .
g 03 r  y-178+0014 o
& L R2=0.99 o'®
5 0.25 o’
= 02 f .O'.
o015t .
S 01| _*
S ¥ 4
~ 005 .-~
=

O 1

0 0.1 0.2

n (Shcor/Pconf)

Fig. 16. Dependence of conductivity sensitivity on the indica-
tor of capillary area change under cyclic loading.

owing conclusions can be drawn:

1) If the material contains fluid-conducting capillaries,
cyclic loading leads to the deformation of these capillar-
ies, resulting in increased hydraulic resistance (friction
factor) and reduced material conductivity;

2) Capillary deformation manifests as a change in its geo-
metric dimensions (height and width), i.e., the crushing of
the capillary banks is observed, leading to a reduction in
the capillary’s hydraulic area, which causes a decrease in
sample conductivity which has an incomplete hysteresis;

3) The exponent in the conductivity (permeability) equation
for samples under cyclic loading is determined by the
hydraulic area of the capillary.
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