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Abstract

Global warming is causing permafrost thawing, which can lead to permafrost collapse.
Assessing the stability of permafrost against this collapse risk is essential. One
effective approach to evaluating permafrost stability is to use the elastic modulus.
Since the elastic modulus varies with the ice content in the pore spaces, analyzing its
relationship with porosity is crucial for understanding permafrost stability. Previous
studies have used rock cores to analyze the relationship between elastic modulus
and porosity. However, the analysis of elastic modulus relative to various porosities
in permafrost is limited. To overcome these limitations, porosity was controlled using
3D printing, and a permafrost analog model with seismic velocities and porosities
similar to those of natural permafrost was fabricated and assumed as permafrost. To
analyze elastic modulus as a function of porosity in permafrost, seismic velocities were
measured through seismic physical modeling experiments, and the elastic modulus
was estimated from the measured seismic velocities. Analysis of the relationship
between elastic modulus and porosity revealed that the elastic modulus decreased
after increasing to a specific porosity in the permafrost simulation model. These
findings provide a quantitative basis for evaluating the stability of infrastructure on
permafrost by demonstrating the significant effect of ice expansion on mechanical
properties. Furthermore, this study validates the 3D printing approach as an effective
tool to overcome the limitations of natural rock cores for systematic permafrost
research.
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1. Introduction

Permafrost is ground that remains below 0°C for at least 2 consecutive years, and
covers about 15% of the Northern Hemisphere."* Permafrost stores a large amount of
organic carbon, and its melting due to global warming can accelerate global warming
by increasing emissions of greenhouse gases such as carbon dioxide and methane.**
Specifically, the thawing of permafrost is causing ground collapse, damaging pipes,
infrastructure, etc.” Therefore, permafrost analysis is necessary to predict and prepare for
changes in permafrost caused by thawing to ensure stability. One method for analyzing
permafrost stability is the elastic modulus.®
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The permafrost pores are saturated with ice, leading
to varying ice saturation relative to porosity. Because ice
thawing within pores can cause ground collapse, analyzing
the elastic modulus as a function of porosity is crucial
for assessing and predicting the stability of permafrost
under thawing. The elastic modulus of permafrost can be
measured directly using destructive testing of core samples
or indirectly using seismic velocity. To analyze seismic
velocity relative to porosity in permafrost, core samples are
measured in the laboratory, or well logging is performed.
However, because permafrost varies regionally and is
found in polar regions, obtaining samples with diverse
porosities or conducting well logging is difficult. Therefore,
prior research has used rock cores to simulate permafrost
and analyze porosity and seismic velocity.”!' Recently,
research has been conducted to fabricate frozen soil
models using artificial porous sandstone samples and to
estimate ice saturation.'* Although rock core samples and
artificial porous sandstone samples have the advantage of
being media similar to the permafrost environment, there
are limitations in controlling the pore size, structure, and
porosity desired by researchers. In contrast, 3D printing
enables the control of the porous model as desired by the
researcher. If porosity can be controlled and its elastic
modulus can be analyzed, this will help assess the stability
of permafrost.

As a method to create 3D models by layering, 3D
printing offers the advantage of producing porous models
with complex structures. It can be classified into seven
types based on the additive manufacturing method. These
include material extrusion, vat photopolymerization,
powder bed fusion, material jetting, binder jetting, direct
energy deposition, and sheet lamination.” Studies have
used 3D printing to create rock cores that simulate pores and
analyzed their properties. Ishutov et al.** proposed a method
for simulating the porosity of sandstone using 3D printing
with material extrusion and vat photopolymerization.
Meanwhile, Ibrahim et al.'® compared and verified the
porosity of 3D-printed rock cores with that of real rock
cores using vat photopolymerization and material jetting.

Utilizing this 3D printing technique, porous models
can be created by controlling porosity, and their properties
can be analyzed based on that porosity. Seismic physical
modeling is a method for measuring seismic velocity, a
property of 3D-printed porous models. This technique
utilizes actual propagating waves and elastic media.
Although the ultrasonic frequency and model dimensions
differ from those in field exploration, this method offers the
advantage of analyzing wave propagation characteristics
within a controlled laboratory environment. Recently,
this method has been effectively applied to analyze the

seismic response characteristics of P, shear-vertical (SV),
and shear-horizontal (SH) waves to reservoir parameters
and to study complex lithofacies and structures in shale oil
reservoirs.'s!

Studies have utilized 3D printing to create porous
models for seismic physical modeling, saturate the pores
with fluid, and analyze the fluid. Huang et al.'® and Huang
et al.” analyzed seismic velocity by saturating water in a
penny-shaped porous model made by 3D printing using
the material extrusion method, while Dande et al?®
analyzed seismic velocity and anisotropy as a function of
fluid and viscosity in the same model. Dande et al.*' and
Wang et al.?? fabricated porous models with fractures using
3D printing and analyzed the elastic wave characteristics
of the fractures. Zerhouni et al.”* and Kim et al.** used 3D
printing to print porous models with varying pore sizes and
analyzed the seismic properties with respect to porosity.

In seismic physical modeling, studies of porous models
printedin3Dhave primarilyfocused onsaturating fluidsand
analyzing seismic velocities. The present study simulated
permafrost by saturating the pores of 3D-printed porous
models with varying porosities with ice. Seismic velocities
were measured using the simulated permafrost models,
and the corresponding elastic moduli were calculated to
analyze how elastic modulus changes with porosity. The
elastic modulus is one of the important physical properties
in determining the stability of permafrost during thawing.
The porosity of the permafrost simulation model was
designed to fall within the permafrost porosity range, and
the medium used was similar to the velocity of the strata
that comprised the permafrost.

2. 3D-printed permafrost simulated model

2.1. Design and printing of a permafrost simulation
model with similar porosity and P-wave velocity to
permafrost

A permafrost simulation model was designed and
3D-printed. To ensure the model was similar to permafrost,
the porosity and P-wave velocity were set to values similar
to those reported in previous studies. Figure 1 summarizes
previous studies on the porosity and P-wave velocity of
permafrost. The porosity ranges from 10% to 60%, and
the P-wave velocity was 2,000-6,000 m/s.”*! In the present
study, permafrost simulation models were designed with
porosities of 23.2%, 30.0%, 38.0%, and 42.7% to span the
permafrost porosity range. The porosity was calculated
as the ratio of the total volume to the volume of pores in
the design. The porosity was controlled by varying the
number of pores, and the pore size was kept constant
at 2 mm. In addition, to facilitate water injection and
ensure complete ice saturation within the pores, 0.5 mm
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Figure 1. Permafrost porosity and P-wave velocity. Blue markers represent
the P-wave velocity of permafrost as a function of porosity, as reported in
prior research.”!!

channels were added to the X and Y faces, each connecting
to every pore. Figure 2 presents the schematic design of
the permafrost simulation models, detailing the internal
structure, which features 2 mm pores and a network of
0.5 mm interconnecting channels on the X and Y faces
to ensure effective fluid flow and complete saturation.
Figure 2A represents Model 1, designed with a porosity
of 23.2%, Figure 2B shows Model 2 with 30.0%, Figure 2C
corresponds to Model 3 with 38.0%, and Figure 2D depicts
Model 4 with 42.7%.

The designed permafrost simulation models were
intended to be printed on a medium with a P-wave velocity
similar to that of the permafrost. To measure the P-wave
velocity of the polylactic acid (PLA) filament, a PLA solid
model with each axis of 25 mm and a porosity of 0% was
printed. Its P-wave velocity was measured using seismic
physical modeling and was approximately 2,150 m/s.”
Meanwhile, the velocity of ice-free sedimentary layers in
permafrost areas was <2,500 m/s. As the P-wave velocity
of the PLA filament was similar to that of the permafrost,
the permafrost simulation models were 3D-printed
with the PLA filament using fused deposition modeling
(FDM) (Figure 3).* FDM is a representative additive
manufacturing technology based on material extrusion,
wherein a thermoplastic filament is heated to its melting
point, extruded through a nozzle, and solidified on cooling
to form successive layers.

2.2, Verification of the quality of the permafrost
simulation model using porosity measurements

To verify the quality of the 3D-printed permafrost
simulation models, porosities were measured. If it were
measured similarly to the design model, it was thought
that the porosity calculated in the design drawing and the
porosity of the 3D-printed model would be similar. To
measure the porosity of the permafrost simulation model,
Equation 1 was used:

25 mm (X-axis)

25 mm
(Z-axis) (Y-axis)

Figure 2. Permafrost simulation models designed with various porosities.
(A) Model 1. (B) Model 2. (C) Model 3. (D) Model 4.

@:%XIOO(%) (1)

where @ is the porosity, V is the total volume of the
model, and V. is the void volume. V was calculated using
Equation 2, and each parameter is listed in Table 1:
M-M
V,=— ()
p
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Table 1. Porosities of the permafrost simulation models and the parameters used for porosity calculation

Model Measured porosity Mass without pores Mass with pores Total volume Void volume Density
(@, %) M, g) M, ) (V;, em’) (V,, cm®) (p> g/em?)

1 234 19.3 14.7 15.8 3.7 1.2

2 30.2 19.3 13.4 15.7 4.7 1.2

3 383 19.3 11.8 15.7 6.0 1.2

4 47.6 19.3 10.0 15.7 7.5 1.2

Figure 3. 3D-printed permafrost simulation models. (A) Model 1.
(B) Model 2. (C) Model 3. (D) Model 4.

where M is the mass of the model without pores, M,
is the mass of the permafrost simulation model with

pores, and p is the density of the model. The porosity
measurements were 23.4%, 30.2%, 38.3%, and 47.6% for
Models 1, 2, 3, and 4, respectively. These porosities were
comparable to the corresponding calculated porosities,
indicating the quality of the permafrost simulation models
(Figure 4).

2.3. Permafrost simulation

To simulate the characteristics of permafrost within a
3D-printed model, a controlled water saturation process
was implemented using a vacuum chamber and a vacuum
pump. The purpose of this procedure was to ensure
full saturation of the internal pore structures of the
3D-printed sample with water. As shown in Figure 5, the
model was first immersed in water within the vacuum
chamber. Subsequently, a vacuum pump was used to
reduce the ambient pressure, thereby facilitating the
infiltration of water into the internal pores by displacing
entrapped air.

In this study, it is essential to ensure that the pore
space within the permafrost simulation model is fully
saturated with ice after freezing. To achieve this condition,
the pores must first be completely saturated with water
before the freezing process. Therefore, to verify the degree
of saturation, porosity measurements were conducted at
different time intervals during the saturation process. As
illustrated in Figure 6, the measured porosity remained
constant regardless of the saturation duration, and the
values closely matched the initial porosity obtained through
the method described in Section 2.2. This consistency
indicates that the internal pores had been effectively and
fully saturated with water. Hence, it was concluded that
the sample reached full saturation, making it suitable for
subsequent freezing and seismic physical modeling.

To simulate the formation of permafrost, the water-
saturated porous model was subjected to a controlled
freezing process by maintaining it at a temperature of
—-25°C for a duration of 24 h. During freezing, water
within the pore spaces expands on phase transition to
ice, which can exert internal stresses and potentially lead
to structural deformation or cracking of the 3D-printed
model. Therefore, a deformation control strategy was
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implemented to prevent structural distortion of the model
during the freezing process.

As illustrated in Figure 7, the model was mechanically
constrained along the Z-axis using a vice to prevent vertical
expansion. This fixation effectively minimized deformation
in the vertical direction, where stress accumulation is most
likely to occur due to gravity-assisted water distribution.
In addition, the model was designed and positioned
such that excess water, subjected to volume expansion

@ »
S &

I 3D-printed model
[ Designed model

Porosity (%)
3 & 8 %

o o

Model 1 Model 2 Model 3 Model 4

Figure 4. Comparison of measured and calculated porosities across
permafrost simulation models

Vacuum pump
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Figure 5. A system for saturating the pores of the 3D-printed models
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Figure 6. Porosity of 3D-printed models over saturation time

on freezing, could be expelled laterally along the X- and
Y-axes. By allowing this lateral release of pressure, the risk
of internal damage and structural distortion within the
model was significantly reduced. This approach ensured
that the model retained its original shape and dimensions
after freezing, thereby maintaining the reliability of the
permafrost simulation and subsequent experimental
analyses.

To verify that the pores within the 3D-printed
permafrost model were fully saturated with ice after
freezing, the porosity of the frozen model was measured.
The measurement was conducted using the same method
described in Section 2.2, and the results confirmed that
the porosity was similar to the initial porosity before
saturation (Table 2). Therefore, it was determined that
the pores within the model were fully saturated with ice.
The slight discrepancy in porosity measurements before
and after freezing is an inevitable consequence of the
freezing expansion of water. Although deformation was
mechanically constrained along the Z-axis, the internal
expansion pressure of the ice may have induced minor
deformations in the PLA skeleton. However, these results
confirm that the models were successfully saturated with
ice without experiencing significant structural failure.
Accordingly, the porosity measured after freezing was
used for the research analysis. Further analysis linking
these expansion-induced stresses to the observed elastic
modulus behavior is provided in the discussion section.

Figure 7. Preventing deformation of permafrost simulation models due
to volume expansion
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3. Seismic physical modeling

In this study, seismic physical modeling was conducted to
estimate the elastic modulus of permafrost by measuring
seismic velocities. This method enables the measurement
of P-wave and S-wave velocities within a permafrost
simulation model designed to replicate the porosity and
seismic velocities of permafrost. A pulser/receiver system
(5055PR, Panametrics, USA) was employed to generate
and control the source signals, while a digital oscilloscope
(MSOX2012A, Keysight, USA) was utilized for data
acquisition, enabling precise recording of waveforms
transmitted through the model. The overall experimental
setup is illustrated schematically in Figure 8.

For wave generation and detection, 1 MHz P-wave and
S-wave piezoelectric transducers (V103 and V153, for
P-wave and S-wave, respectively, Olympus, USA) were used
as the source and receiver. These transducers were carefully
aligned along their respective propagation axes and firmly
fixed in place to ensure consistent and repeatable signal
transmission and reception. S-wave data were obtained by
measuring both SH and SV wave components.

The SH-waves were acquired by positioning the
S-wave transducer such that the vibration direction
was perpendicular to the direction of wave propagation

Table 2. Comparison of measured porosity before and after
freezing to verify ice saturation

Model Measured porosity before
freezing (%)

Measured porosity after
freezing (%)

1 234 23.6
2 30.2 30.0
3 38.3 37.8
4 47.6 459

and parallel to the horizontal plane. To acquire
SV-waves, the same S-wave transducer was rotated by
90° from the SH-wave orientation, thereby aligning its
vibration direction vertically relative to the horizontal
propagation path. This configuration allowed the
separate characterization of different shear wave modes,
which is essential for accurately estimating shear-related
elastic moduli within the simulated permafrost model.
Furthermore, measurements for each waveform were
repeated five times to ensure reproducibility.

Figure 9 shows the P, SH, and SV wave waveforms
obtained from the seismic physical modeling, and only
the waveforms along the X-axis of Model 1 are shown as
representative examples. The noise caused by the trigger at
0 us was removed by muting.

4, Elastic modulus analysis for porosity in
permafrost simulation models

One method for analyzing the stability and condition of
permafrost is to use the elastic modulus.””*® Therefore,
to determine the stability of permafrost with respect to
porosity, the elastic modulus was analyzed with respect
to porosity. To analyze the elastic modulus for porosity
in a permafrost simulation model, seismic velocities
were calculated. The seismic velocities were derived from
waveforms acquired, and the travel time from 0 us to
the signal and the model length were calculated. Table 3
shows the average P-wave and S-wave velocities, derived
from five repeated measurements. The margin of error
for these measurements ranged from 0.1% to 0.5%. The
presence of elastic anisotropy within the permafrost
simulation models can be confirmed from these velocity
measurements. In general, the P-wave velocities showed
distinct directional dependence, with horizontal velocities
(X- and Y-axes) consistently exceeding the vertical velocity

Pulser/receiver

Source  Receiver Trigger Signal out

. 9 @ o

' L

T

Y

SV-wave

Eswave *H-wave
P-wave transducer

of Permafrost
S-wave transducer . "
simulation model | ~

(1MHz)

W P-wave transducer

S-wave transducer

Digital oscilloscope

Slgnal in

Figure 8. The schematic diagram of seismic physical modeling in the permafrost simulation model

Abbreviations: SH: Shear-horizontal; SV: Shear-vertical.
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Figure 9. Waveforms of P, shear-horizontal (SH), and shear-vertical (SV)
waves along the X-axis of Model 1

(Z-axis). Furthermore, significant shear wave splitting was
observed, where SH-wave velocities were generally higher
than SV-wave velocities. This anisotropy is attributed to the
layer-by-layer manufacturing process of 3D printing, and
it has been reported in previous studies using 3D-printed
models.”

To verify the seismic physical modeling results,
permafrost P-wave velocity and the Wylie equation for
various porosities were compared (Figure 10). The Wyllie
equation, a porous rock model for estimating porosity
from seismic velocity, was used in this study to verify the
velocity measurements with respect to porosity. This is
because the measured seismic velocities must be accurate
to be used in elastic modulus analysis. The Wyllie equation
is shown in Equation 3%:

i:g.Fﬂ'Vm (3)
v, VvV, Vv,

Where V is the P-wave velocity, @ is the porosity, V is
the saturated fluid velocity, and V_is the medium velocity.

To calculate the Wyllie equation, we acquired data from
a 25 mm cube PLA solid model, identical to the permafrost
simulation model, and seismic physical modeling data
for ice (Figure 11). The cube PLA solid model has a 0%
porosity and was measured after 24 h of freezing at
—25°C, the same conditions as the permafrost simulation
model. The velocities were 2,590.8 m/s, 2,578.0 m/s, and
2,552.3 m/s along the X-, Y-, and Z-axes, respectively. The
average velocity of the three axes, 2,573.7 m/s, was used
as V. in the Wyllie equation. The ice velocity, 4,090.3 m/s,
was measured under the same experimental conditions
and was used as V. The verification results showed that
the experimental results are within the velocity range of
the permafrost in the seismic physical modeling and are
consistent with the calculated results using the Wyllie
equation.

The elastic moduli were calculated using the seismic
velocities, which were the averages of five repeated

6000

5000

4000
' +  Previous studies on permafrost

+  Seismic physical modeling
—— Wyllie equation

Velocity (m/s)

w
S
S
S

2000

1000
0 10 20 30 40 50 60
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Figure 10. Graph demonstrating P-wave velocity against porosity.
The permafrost velocities for various porosities shown in blue are
referenced from Timur et al./ Zimmerman and King,® Dou et al.,” Li
and Matsushima,'® and Kurfurst."" The red markers represent the P-wave
velocities relative to porosity obtained from seismic physical modeling,
while the black line indicates the theoretical results calculated using the
Wyllie equation.
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Figure 11. Reference P-wave waveform for calculating the Wyllie equation

Abbreviation: PLA: Polyactic acid.

Table 3. Seismic velocity for elastic modulus analysis in
permafrost simulation models

Model Axis Porosity P-wave SH-wave SV-wave
(%) velocity velocity velocity
(m/s) (m/s) (m/s)

1 X 23.6 2,942.1 1,410.1 1,342.2
Y 2,883.9 1,399.9 1,328.2

Z 2,842.9 1,343.0 1,330.3

2 X 30.0 3,001.7 1,431.0 1,370.1
Y 2,990.8 1,428.0 1,356.3

Z 2,928.0 1,375.2 1,376.2

3 X 37.8 3,085.7 1,472.3 1,414.0
Y 3,043.0 1,463.6 1,423.3

Z 2,967.2 1,409.8 1,410.3

4 X 45.9 3,110.2 1,484.6 1,444.7
Y 3,087.7 1,481.9 1,428.4

Z 3,010.3 1,439.6 1,428.7

measurements. Young’s modulus (E), shear modulus (G),
and bulk modulus (K) were calculated using Equations
4-6.%
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E:V;xp 4)

G=V’xp (5)
2 4 2

sz(VP _EVS ) (6)

Where V is the P-wave velocity, p is the density, and
V_is the S-wave velocity. The resulting error ranges were
0.4-1.0% for Young’s modulus, 0.2-0.7% for the shear
modulus, and 0.4-1.4% for the bulk modulus.

Figure 12 shows Youngs modulus as a function
of porosity in a permafrost simulation model. The R?
values displayed alongside the equations represent the
coeflicient of determination, indicating the goodness
of fit for the regression models. As porosity increased,
Young’s modulus also increased, but then decreased at a
porosity of approximately 38%. Figure 13 illustrates the
shear modulus as a function of porosity, calculated using

11.0

R?=0.848

y = —0.003025x2 + 0.2217x + 6.32

P-wave

*  X-axis
Trend line

*  Y-axis
Trend line

Z-axis
Trend line

Young's modulus (GPa)

20 30 40 50

Porosity (%)

Figure 12. Young’s modulus versus porosity in the permafrost simulation
model. The trend lines were generated using a second-order polynomial.
Blue, green, and yellow markers represent the Young’s modulus measured
along the X-, Y-, and Z-axes, respectively.

¥ = =0.0005686x2 + 0.0415x + 1.602 R?=0811

24

SH-wave
« Xaxis
—— Trend line
© Yaxis
Trend line

Z-axis
Trend line

Shear modulus (GPa)

o0 E)
Porosity (%)

Shear modulus (GPa)

SH- (Figure 13A) and SV-wave (Figure 13B) velocity and
density data obtained from seismic physical modeling.
Shear modulus also increased with increasing porosity,
then decreased at approximately 38%.

Bulk modulus was calculated using P-wave, S-wave,
and density. The S-wave was calculated by distinguishing
between the SH-wave and the SV-wave. Figure 14 presents
the relationship between porosity and bulk modulus,
where Figure 14A represents the results derived from
SH-waves and Figure 14B represents those from SV-waves.
As porosity increased, bulk modulus also increased and
then gradually decreased.

In permafrost, the elastic modulus is affected by a
combination of factors, including pore size, porosity,
temperature, and the degree of ice saturation within the
pore space. Among these, porosity and ice content play
particularly important roles in determining the mechanical
behavior of frozen ground. Previous studies have generally
shown that when pores are fully saturated with ice, the
elastic modulus tends to increase with increasing porosity,
primarily due to the stiffening effect of ice within the pore
network.*"*

However, in this study, non-linear trends were observed
in the relationship between elastic modulus and porosity.
Specifically, the elastic modulus increased with increasing
porosity up to a certain threshold, beyond which it began to
decrease. To understand this behavior, the analysis focused
on how seismic velocity and density vary with porosity,
along with the effects of freezing on these properties.
This is because the elastic modulus was calculated using
Equations 4-6, which are functions of both seismic wave
velocity and material density.

Figure 15 presents the variation of both parameters as
porosity increased under fully ice-saturated conditions.
Since P-wave, SH-wave, and SV-wave velocities were
utilized to calculate the elastic modulus, the variations in

¥ = —0.000382x” +0.03222x + 1.51 R? =0.961
00007966 + 0.06185x + 0.9835 0.820

SV-wave
*  Xaxis
—— Trend line
+ Yaxis
Trend line

Z-axis
Trend line

) @
Porosity (%)

Figure 13. Shear modulus versus porosity in the permafrost simulation model calculated using (A) shear-horizontal (SH)-wave and (B) shear-vertical
(SV)-wave velocities. The trend lines were generated using a second-order polynomial. Blue, green, and yellow markers represent the shear modulus

measured along the X-, Y-, and Z-axes, respectively.
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velocity and density with respect to porosity were analyzed
separately for each wave type. With increasing porosity, the
seismic velocity increased due to the reinforcing effect of
ice filling the larger pore volumes. In contrast, the overall
density of the model decreased as porosity increased,
attributable to the added pore volume reducing the bulk
density of the material despite the presence of ice. Notably,
the point of intersection between the seismic velocity and
density trends corresponds to the porosity at which the
elastic modulus begins to decline. This suggests that at
low porosities, the increase in seismic velocity dominates
the modulus calculation, increasing the elastic modulus.
However, beyond a critical porosity, the reduction in
density becomes the dominant factor, leading to a decrease

in the elastic modulus despite the continued increase in
velocity.

The effect of freezing was analyzed to understand
its influence on the elastic behavior of the permafrost
simulation model. When water within the pore spaces
freezes, it undergoes a phase change accompanied by
volume expansion. This freezing-induced expansion plays
a complex role in determining the elastic modulus, as it
can contribute to either strengthening or weakening of
the material, depending on the porosity and structural
response of the model.

In cases where the pore volume is limited, such as in
low-porosity models, the expansion of ice during freezing
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can generate compressive stress on the surrounding solid
matrix. This stress enhances particle interlocking and
improves the overall structural integrity of the material,
thereby increasing the elastic modulus. In essence, the
expansion serves to bind the structure more tightly
by exerting pressure on the grain contacts, leading to
increased stiffness and rigidity.

However, when porosity is relatively high, the extent
of ice expansion becomes more significant, which can
exceed the mechanical tolerance of the surrounding
particles. In such cases, the excessive internal pressure
may induce microcracks within the solid particles or at
the grain boundaries.*** These microcracks act as zones
of mechanical weakness, which degrade the material’s
stiffness and, consequently, reduce the elastic modulus.

Figure 16 presents a schematic diagram illustrating this
mechanism, where excessive volume expansion caused by
freezing leads to the development of microcracks in the
particle structure. This explanation aligns with the trend
seen in the experimental results: when porosity was low,
the elastic modulus increased with increasing porosity;
when porosity increased beyond the threshold, the elastic
modulus decreased with increasing porosity.

5. Discussion

This study demonstrated the feasibility of using FDM-based
3D printing technology to fabricate permafrost simulation
models with controlled porosity, enabling a systematic
investigation of the relationship between porosity and
elastic modulus. By overcoming the limitations of using
natural rock cores, the proposed method provided an
effective experimental method for studying the elastic
modulus of permafrost with respect to porosity.

The key finding of this study is that the elastic modulus
does not increase monotonically with porosity under fully
ice-saturated conditions. Instead, the modulus increases
up to a critical point, after which it begins to decline.
This non-linear behavior is primarily attributed to two

Microcracks

”frﬂ«
D A u “‘Tx\gume
’// \)}7 expansion

Soil particle

v

Freezing

Pore water Pore ice

Figure 16. Schematic diagram of microcracks caused by ice volume
expansion

competing effects: (i) the increase in seismic velocity
due to enhanced ice bonding within pore spaces at lower
porosity levels, and (ii) the decrease in bulk density and
potential formation of microcracks induced by freezing-
related volumetric expansion at higher porosity levels.
The intersection point of the velocity and density trends,
as shown in Figure 15, aligns closely with the porosity at
which the elastic modulus reaches its peak, supporting this
interpretation.

These results highlight the dual role of freezing in
permafrost systems. While ice formation can enhance the
mechanical stiftness of the material by binding particles
together, excessive ice expansion in high-porosity media
may generate internal stresses that lead to microstructural
damage, ultimately reducing the strength. This is
quantitatively supported by the porosity measurements
presented in Table 2. While the lower-porosity models
(Models 1 and 2) exhibited negligible variations in porosity
before and after freezing, the higher-porosity models
(Models 3 and 4) showed more pronounced discrepancies.
These deviations suggest that the internal stress generated
by the volumetric expansion of ice caused structural
damage in the high-porosity frameworks. Consequently,
this induced damage is interpreted as the primary cause of
the formation of microcracks and the subsequent decrease
in elastic modulus observed beyond the critical porosity
threshold.

The experimental method proposed here also opens the
door for broader applications. By replacing ice with other
fluids, such as water, oil, and brine, this technique can be
used to study the porosity-dependent behavior of various
saturated porous media. Moreover, varying the shape,
size, and distribution of pores in models would allow for
more comprehensive assessments of how pore architecture
influences elastic properties.

Nevertheless, some limitations of the study should be
acknowledged. The 3D-printed model, while effective for
simulating elastic wave behavior, does not fully replicate
the complex mineralogical and thermal properties of
natural permafrost. In addition, freezing conditions in
the experiment were static and uniform, whereas in situ
freezing processes in natural environments are often
dynamic and heterogeneous. Therefore, future research
necessitates a comparative analysis between the results of
laboratory experiments and those obtained from actual
permafrost to bridge the gap between the simulation
models and natural conditions. Furthermore, this
study was conducted under conditions of complete ice
saturation and zero salinity. However, natural permafrost
often exhibits incomplete ice saturation and may contain
saline pore water. Finally, although key properties such
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as ice saturation, seismic velocity, and elastic moduli are
sensitive to pressure and temperature changes, this study
did not account for these environmental variables. Future
research should incorporate more realistic boundary
conditions, multi-phase modeling, and time-dependent
effects to better simulate real-world permafrost behavior.
In particular, further studies considering varying degrees
of ice saturation, salinity, pressure, and temperature
conditions are recommended to provide a more
comprehensive analysis.

In summary, this study offers a novel experimental
approach to permafrost research through the use of 3D
printing and seismic physical modeling. It provides new
insights into the mechanical response of frozen porous
media and establishes a foundation for further research
into the stability and geophysical characterization of
permafrost environments.

6. Conclusion

This study proposed a method for controlling porosity and
simulating permafrost using 3D printing. Furthermore,
a permafrost simulation model with varying porosity
was used in seismic physical modeling to analyze the
elastic modulus according to porosity. The porosity of the
permafrost simulation model was varied by controlling the
number of pores and printed using an FDM 3D printer.
The printed model was saturated with ice to simulate
permafrost, and data were collected using seismic physical
modeling. To analyze the elastic modulus according to
porosity, seismic velocity was calculated from data obtained
from seismic physical modeling. The results showed that
the elastic modulus increased to approximately 38% of the
porosity and then decreased, indicating the seismic wave
velocity—density relationship and volumetric expansion
due to freezing.

This study proposed a method utilizing 3D printing to
overcome the limitations of controlling porosity in natural
rock coresfor permafrostresearch. Although the 3D-printed
models differ from natural rocks, they demonstrate that the
ice expansion within pores significantly affects the elastic
modulus. From an engineering perspective, these findings
provide a quantitative basis for evaluating the stability of
infrastructure constructed on permafrost. By identifying
the critical porosity threshold at which mechanical
performance begins to degrade due to freezing expansion,
engineers can better predict potential weakness zones and
assess the bearing capacity of pipelines and foundations.
Saturating the 3D-printed porous model, used as a
permafrost simulation model, with fluids other than ice
allows for the analysis of fluid properties associated with
porosity. Varying pore structure and size enable systematic

investigation into the effects of porosity within permafrost
environments. Moreover, the applicability of this model
further extends to studying permafrost degradation. By
submerging the frozen model in water and controlling the
temperature to induce gradual phase changes, the thawing
process can be simulated. This approach allows for the
monitoring of changes in elastic properties during the
transition from frozen to thawed states, yielding valuable
data for research on thawing environments. This approach
may be extended to geological models, with potential
applications in seismic exploration of permafrost regions.
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