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Permeability monitoring of
underground concrete structures
using elastic wave characteristics
with modified Biot's model

Jong-Won Lee?, Jin-Seop Kim?, Chang-Ho Hong? & Tae-Min Oh3™*

This study aims to develop a theoretical model for predicting the permeability of concrete in
underground structures using compressive elastic waves. This research is motivated by the necessity
of monitoring the permeability of concrete used in critical underground infrastructure, such as tunnels
and radioactive waste disposal sites, to ensure their long-term safety. Increased permeability owing
to crack generation can lead to groundwater inflow, undermining the structural integrity of these
facilities. Traditional methods for permeability monitoring face challenges at depths of 500 m-1 km
owing to high temperatures, high pressures, and limited space conditions. To address these issues,
Biot’s model, which correlates the P-wave characteristics with the properties of porous media, was
applied in this study. The P-wave velocity and attenuation were studied according to the permeability
of concrete based on Biot’s model. Subsequently, concrete specimens were prepared to measure the
permeability, P-wave velocity, and attenuation. The permeability results from the experiment were
compared with those obtained from the model for validation. The findings indicate that the modified
Biot’s model can effectively monitor permeability through elastic wave characteristics, offering a
non-destructive and reliable method for assessing the condition of concrete structures in underground
environments. This approach is expected to enhance the safety of underground infrastructure through
accurate permeability monitoring.
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Crucial social infrastructure (such as deep geological repositories, underground liquefied natural gas storage, and
tunnels) is located at considerable depths because constructing it in a rock bed provides it with the advantage of
being isolated from human activities. Generally, these structures include cementitious materials such as concrete
linings or concrete plugs in engineered barriers for mechanical stability and waterproofing!2. To ensure the
safety and long-term operation of a facility, it is necessary to monitor the permeability of concrete structures.
The cracks generated by external forces in concrete media within rock bed increase their pore structures (i.e.,
permeability)®->. Therefore, in concrete materials, changes in permeability should be monitored because cracks
correspond to the fluid flow pathway (e.g., inflow of groundwater or leakage of stored fluid) (Fig. 1).

The measurement methods for concrete permeability are primarily based on laboratory tests®. Two
methods for measuring permeability are the fluid transport method, which uses water, and the chemical ion
transport method, which uses chloride ions. The fluid transport method comprises a water absorption test’
and pressurized water permeability test® based on Darcy’s law. The ion transport method, on the other hand,
is employed to measure the permeability using mechanisms based on natural diffusion®!!, migration'""!2, and
electrical resistivity!>!. However, these test methods have several limitations, including slow and complicated
measurement processes, difficulties in specimen preparation, and mechanical deformation of the medium in
the field.

An elastic wave can be applied to indirectly evaluate permeability while minimizing damage to the concrete
structure. The technique of using elastic waves is non-destructive, ensuring the mechanical stability of the target
while yielding rapid and accurate evaluations'®. Previous research has reported that permeability is related to the
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Fig. 1. Example of ground water inflow and stored fluid leakage through the crack in concrete material in an
underground structure.

characteristics of the elastic wave velocity. With increasing permeability, the P-wave velocity decreases because
its propagation distance increases under conditions of high porosity and large aperture size!®!. Similarly,
attenuation, which refers to the energy loss of a propagated wave, increases in concrete media with higher
permeability and porosity'®1°.

Biot’s model?*?! was proposed to predict P-wave velocity and attenuation using the mechanical properties of
the propagated medium (see the detailed properties in Table 1) under fully saturated conditions. On the basis
of Biot’s model, several researchers have developed theoretical models using different properties of concrete
materials to estimate P-wave characteristics?>->%. These models were developed by simplifying Biot'’s model to
estimate the elastic wave characteristics. In addition, researchers suggested a modified version of Biot’s model
based on the saturation level?®. Under deep conditions, accounting for the groundwater flow that influences the
evaluation of elastic wave characteristics is essential. According to previous studies, modified Biot'’s models are
insufficient for considering the properties of fluid flow, such as tortuosity and squirt flow length. Therefore, Biot’s
model, which can incorporate the properties of the propagated media and saturated fluid, may be appropriate
for predicting permeability using elastic wave characteristics. However, to predict the permeability of concrete
materials using Biot's model, developing a theoretical model that considers the saturation level and uses the
P-wave velocity and attenuation in backward calculations is crucial.

In this study, a prediction model was derived to predict the permeability of concrete materials using P-wave
velocity and attenuation. For this purpose, Biot’s model was modified to predict the permeability (for the output)
using the P-wave velocity and attenuation (as inputs). The sensitivities of the P-wave velocity and attenuation
to the permeability of the concrete material were investigated using the modified model. To verify the modified
model, laboratory tests were performed to determine the permeability and wave attenuation, and the test results
were compared with those of the modified model. This study is expected to be useful for predicting concrete
permeability in underground structures using P-wave characteristics.

Theoretical models based on elastic wave characteristics in porous media: Biot's
model
Biot’s model can be used to evaluate the dynamic wave properties (i.e., P-wave velocity and attenuation) of porous
media such as rock or concrete?®?!. It is a poroelasticity model that can be used to analyze the characteristics
of fluid flow in porous media. The properties of the propagated media (e.g., bulk modulus, permeability, and
Poisson’s ratio) and those of the saturated fluid (e.g., density and bulk modulus of water) are required in the
formulation of Biot’s model, which is used for evaluating the dynamic properties.

The parameters of the Biot model are listed in Table 1. The parameters consist of 24 inputs; 14 inputs are basic
properties of porous media, including the pore size diameter, air bulk modulus, and Young’s modulus, and the
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Parameter | Unit | Definition Note

a m Pore size diameter

B, Pa (Air)

B, Pa (Fluid) By = ( Bi n 155)*1
B, Pa (Grain) Bulk modulus

B, Pa (Skeleton) By, = 3(1—E2u)

B, Pa (Water)

E Pa Young’s modulus

f s7! Resonant frequency

g m/s* | Gravitational acceleration

Gy Pa Shear modulus Gy = 2(11;’;11)

k m/s Permeability

K e [0

n - Porosity

S - Degree of saturation

T - Visco-dynamic operator T = B/4)jm (J1< ¢ - 67'7%/4))/({]0({ e ) W/4))>, Jy and Jj) are Bessel functions
o - Tortuosity a=08(1-n)+1
P, kg/m? | (Grain)

P kg/m® | (Water) )

o kg/m® | (Fluid) | s density [ ;=S

Poic kg/m® | (Mixture) Pmiz =1L —=n)p,+n- 5 p,
n Pa-s Dynamic viscosity

¢ - Dimensionless factor C = (J,(UJ - p f/n )“'5
v - Poisson’s ratio

® 5! Angular frequency w =2 f

Table 1. Parameters in Biot’s model.

remaining 10 are properties calculated using these 14 basic properties, including the fluid bulk modulus and
absolute hydraulic conductivity. In this study, Biot’s model, which incorporates the saturation level, was applied
to concrete materials, considering groundwater flow under underground conditions. In Biot’s model, the P-wave
velocity is calculated as follows?:

(= pe) (o 52) (g ea) - (o 55) =0 g
T2 Pmiz)  \4 ™ 2) T\ T F : e =Y
sz sz sz f ! sz

where V,"is the P-wave velocity expressed as a complex number and the V/, is the real part of V,,*. The parameters
C, H, I,and ¢ can be expressed as follows:

C- %.Bg, @)

H= Bsk+§~ Gw—i—% (3)
Iz%v;sk, ()
qzrx;lf)f_Z:[F(‘.i7 (5)

where, parameters A and F can be expressed by the Egs. (6) and (7):

A=y (1o (1)), ©
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Attenuation (Q ) is defined as the ratio of the imaginary number to the real number V},*? and can be expressed
as follows:

1 Im(Vp*Z)
Q " Re (V]D*Z)7 ®

where () denotes the quality factor. Im(Vp*Z) and Re (Vp*Z) denote the magnitudes of the imaginary and real
parts of the complex number of V. The attenuation of elastic wave energy is defined as the inverse quality factor
(Q™1), which is related to the damping ratio ( D) of the elastic signal as follows:

Q'=2D. 9)

To evaluate permeability using the P-wave velocity and attenuation, Biot'’s model must be expressed in reverse.
Therefore, Eq. (1) can be rearranged and expressed for ¢ as follows:

(s (rm52) (o rm) o a
q= ‘/7,*2 Py Py VP*Q Vp*z P miax Vp*z'

By integrating Eq. (5) with Eq. (10) and utilizing the K-k relationship detailed in Table 1, the permeability can
be derived as shown in Eq. (11):

k=Re(F-g-p;li-w- (q—a-ps/n)). (11)

Because V" is determined using the characteristics of V,,and Q~!, measuring the P-wave velocity and attenuation
of concrete structures in the field enables the calculation of ¢. Following this approach, the permeability can
be evaluated using Eq. (11) with the parameters of the porous media. This concept is considered an innovative
approach for evaluating the permeability of underground structures using elastic wave measurement techniques,
specifically for measuring the P-wave velocity and attenuation.

Sensitivity analysis

A sensitivity analysis was performed using Biot’s model to determine the effect of the properties of concrete on
P-wave velocity and attenuation. The properties of the concrete were considered by referring to previous studies,
and the ranges of the values and selected values are summarized in Table 2.

Effect of permeability on P-wave velocity
The changes in P-wave velocity were analyzed according to the permeability of the concrete material. For the
sensitivity analysis, the Youngs modulus and angular frequency were considered to be 30 GPa and 23 kHz,
respectively. In addition, the permeabilities were set in the range of 1071 m/s to 10~> m/s, with 5-25% of
porosity (1) and 1-99% of saturation (S). This is because the saturation level cannot exceed 100% because of the
presence of isolated and closed pores in the medium; therefore, 99% saturation was considered an apparently
fully saturated level in this study.

The analysis of the relationship between permeability and P-wave velocity revealed that the P-wave velocity
was insensitive to variations in permeability. The P-wave velocity did not change significantly with increasing
permeability (1071° m/s to 107> m/s) (Fig. 2). Although the permeability increased, the variation in P-wave

Parameter [unit] | Range of value | Values in use References
a [nm] 20-150 50 2

E [GPa] 10-40 10, 20, 30, 40 2

k [m/s] 10-10-10-° 10719,107%,1078, 1077, 1076, 1075 | 32829
n [%] 5-33 5,15,25 26

S [%] 1-99 1,50, 99 %
al-] 1-275 30-32
v[-] 0.15-0.25 0.2 3

w [kHz] 5-23 5,10, 15,23 2534
B, [kHz] 142 3

B, [GPa] 50 3
B, [GPa] 2.18 s

g [m/s?] - 9.8 _

p, lkg/m’] 2,350 -

p,, [kg/m?] 1,000 -

7 [Pa:s] 0.001 -

Table 2. Values selected for this study.
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Fig. 2. Relationship between permeability and P-wave velocity.

velocity was insignificant at saturations below 1% (Fig. 2a). The P-wave velocities in this condition were
determined to be 3,639 m/s (n=>5%), 3,846 m/s (n=15%), and 4,093 m/s (n=25%). Similarly, at 99% saturation,
the P-wave velocities were observed to be 3,614 m/s (n=5%), 3,737 m/s (n=15%), and 3,874 m/s (n=25%),
showing no significant variation (Fig. 2c). This phenomenon is attributed to the elastic modulus. In the case
of concrete, a brittle material, the elastic modulus is significantly higher than that of voids. Generally, waves
propagate primarily through the solid parts of a medium that have a higher elastic modulus. Consequently,

Scientific Reports |

(2024) 14:22110 | https://doi.org/10.1038/s41598-024-73449-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

permeability, which is characterized by the properties of the voids, does not significantly affect the P-wave

velocity.

Given these results, it is expected that the P-wave velocity has limitations in evaluating variations in the
permeability of concrete materials. Instead, the P-wave velocity can be considered a good index for estimating
the stiffness characteristics of concrete materials. Figure 3 shows the variation in the P-wave velocity according
to the stiffness at a permeability value of 10~7 m/s. The P-wave velocity increased by 100.0% (V changed from
2,228 m/s to 4,456 m/s) when the Young’s modulus increased by 400% (from 10 GPa to 40 &Pa) under 1%
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Fig. 3. Relationship between Young’s modulus and p-wave velocity.
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saturation condition (Fig. 3a). In addition, the P-wave velocity increased by 99.9% (S=50%) and 99.1% (S=99%)
with an increase in Young’s modulus (Fig. 3b and c). Generally, a dense medium (e.g., concrete or rock) has a low
porosity and high stiffness as compared to a coarse medium (e.g., soil). Therefore, the P-wave velocity is rarely
affected by the saturation level of the materials.

These results can be explained by the wave velocity being related to the Young’s modulus of the materials. The
P-wave velocity is expressed as the relationship between Young’s modulus and Poisson’s ratio®. Additionally, the
P-wave velocity increases when the stiffness of the material increases(for example, with an increase in concrete
age during the curing process®® or a decrease in the porosity of the concrete material)!®. Therefore, P-wave
velocity is an inappropriate index for identifying the change in permeability in a concrete medium.

Effect of permeability on attenuation

The attenuation, which is the energy decay in the elastic wave signal, was analyzed based on permeability. The
attenuation is expressed as the inverse of the quality factor, which has a relationship of twice the damping ratio
(shown as Eq. (9)), which indicates the energy loss of the wave during its propagation through the medium. It
is represented by the slope of the frequency-amplitude curve®. It can also be obtained from the frequency-
amplitude curve of a Free-Free Resonant Column (FFRC) test in the laboratory?. This study analyzed the effect
of permeability on attenuation, assuming Youngs modulus and angular frequency to be 30 GPa and 5 kHz,
respectively.

In this study, the attenuation tended to increase with increasing permeability (Figs. 4 and 5). In particular,
the attenuation increased with an increase in porosity (n=>5% -> 35%) at the same permeability in the range of
10~ m/s to 10~ m/s under all saturation conditions (S= 1%, 50%, and 99%). In the condition with 5% porosity,
the values of attenuation [-] were obtained to be 1.22X 1078 (§=1%), 6.38x 107 (S=50%), and 1.20x 10~°¢
(§=99%) at a low permeability of 101 m/s (Fig. 4). Meanwhile, at a high permeability of 10~> m/s, the values
of attenuation were obtained to be 5.44x 107> (S=1%), 2.78 X 10~3 (§=50%), and 5.32% 1073 (S=99%). These
attenuation values are 4,459 times (S=1%), 4,357 times (S=50%), and 4,433 times (S=99%) greater than those
obtained for 107! m/s permeability under the same saturation conditions.

To verify the attenuation characteristics at high porosity, attenuation values were evaluated at a porosity
of 35%,; the values of attenuation were determined to be 2.26x1078 (S=1%), 6.65x 1077 (§=50%), and
1.54x 1075 (§=99%) at high permeability of 10~!° m/s. At a permeability of 10~° m/s, the values of attenuation
were obtained as 1.82 X 10™% (S=1%), 8.30 X 10~ (S=50%), and 1.50 X 10~2 (§=99%). These attenuation values
were 8,185 times (S=1%), 12,481 times (S=50%), and 9,740 times (S=99%) greater than those obtained at
1071 m/s permeability under the same saturation conditions. In addition, the attenuation increases by 3.4, 3.0,
and 2.8 times when the porosity is increased from 5 to 35% in the case of 107> m/s permeability.

The attenuation tended to be higher at a higher degree of saturation with greater permeability. At the same
permeability, the values of attenuation were higher under high saturation conditions (S=99%) than under
low saturation conditions (S=1%), regardless of porosity (Fig. 5). As the degree of saturation approached 1%,
the attenuation converged to zero under all conditions of permeability and porosity. When the permeability
increased from 107'° m/s to 1075 m/s, the attenuation was increased from 1.25x 1077 to 5.32x107* (n="5%),
1.09%1077t0 1.17% 1072 (n=15%), and 1.30x 107 to 1.36 X 102 (n=25%)under 99% saturation.

These test results indicate that attenuation tends to increase with an increase in permeability and porosity. These
results can be explained by the fact that the change in attenuation is related to the change in the microstructure,
which is caused by a change in the permeability of the concrete materials'’. For heterogeneous materials such
as concrete, the pore structure is determined by factors such as mix design and curing conditions’. These pore
structure characteristics (e.g., pore size, distribution, and connectivity) ultimately determine the permeability of
the structure®®*. Subsequently, the propagation path is increased by increasing the pore size because the wave
propagates through the contact zone in the medium in permeable concrete materials with a high porosity™’.
Therefore, the elastic wave diffuses in concrete materials at high permeability, and wave attenuation (i.e.,
propagated energy loss) is increased.

Inaddition, the relationship between permeability and attenuation can be applied to highly permeable concrete
(k>10"7 m/s). In this study, it was observed that the attenuation changed dramatically when the permeability
was higher than 1077 m/s (Figs. 4 and 5). Therefore, it is expected that permeability can be effectively evaluated
using the attenuation characteristics.

Verification of prediction model for permeability

Specimen preparation

Cylindrical concrete specimens were prepared to measure the attenuation of the concrete material in the
laboratory (Fig. 6). Twelve concrete specimens corresponding to a diameter-to-length ratio of 1:2 (100 mm in
diameter and 200 mm in length) were prepared to obtain the wave velocity and attenuation by performing FFRC
tests.

The concrete specimens were cured under fully saturated and dry conditions to prepare specimens with
various permeabilities in accordance with ASTM C642. Firstly, the fully saturated specimens were cured in
a water chamber at 20 °C=+2 °C for 28 days. Additionally, the dry samples were air-cured under the same
temperature conditions. To produce specimens with varying permeabilities, an additional curing process was
performed for 32 days under three different temperature conditions (15, 45, and 75 °C) using a temperature
chamber. Permeability was measured using the standard test method (KS F 2322) to verify the permeability
prediction model. The properties of the concrete specimens (i.e., specific gravity, porosity, absorption, and
permeability) were obtained from laboratory tests. The values are 2.24-2.36 for specific gravity, 5.61-13.19% for
porosity, and 2.38-5.90% for absorption, respectively (Table 3).
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Fig. 4. Relationship between permeability and attenuation according to porosity.

Test setup and procedures

Figure 7 shows the FFRC test system used to measure the compressive wave velocity and attenuation of the
concrete specimens. The system comprised a specimen rack, an accelerometer, a signal conditioner, and an
oscilloscope. In the test system, the concrete specimens were set to generate a free face at both ends of the
specimen rack. An accelerometer with a frequency range of 1.0 Hz to 20 kHz was used to gather the elastic wave.
A signal conditioner was used to amplify the measured signal from the accelerometer. On the oscilloscope,
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Fig. 5. Relationship between permeability and attenuation according to saturation.

the measured signals were displayed and stored to analyze the P-wave velocity and attenuation of the concrete

specimens.

The concrete specimen was set in the specimen rack, and an accelerometer was attached to the center at the
end of the specimen (one side) using vacuum grease (Fig. 8). Artificial vibrations were generated on the other
side of the specimen using a bar with a steel ball, and the signals were measured using an accelerometer. The
signals were amplified up to 40 times using a signal conditioner, and the data were stored using an oscilloscope.
The FFRC test was performed three times for each specimen. After each test, the compressive wave velocity and
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Fig. 6. Concrete specimens for verification.

#S1 227 8.39 3.69 10.00 “FS
#82 2.31 7.63 3.31 2.67

#D1 2.24 10.79 4.81 7.74 3 “D
#D2 2.25 11.47 5.11 2.09

#S3 2.33 7.51 3.23 10.07

#54 2.36 5.61 2.38 4.63 s
#D3 2.26 11.78 5.21 3.47 ®

#D4 2.25 11.66 5.19 3.75 b
#S5 2.27 6.94 3.06 4.07

#56 2.31 6.11 2.65 7.09 £
#D5 2.28 11.80 5.18 3.20 7

#D6 2.24 13.19 5.90 1.62 P

Table 3. Properties of concrete specimens. *FS: Fully saturated, **D: Dried.

attenuation of the concrete specimens were converted using a fast Fourier transform (FFT), and the compressive
wave velocity and attenuation were obtained from the resonant frequency and curve-fitting plot by applying the

least squares method in the frequency-voltage domain (Fig. 9).

Permeability comparison between results of test and prediction model

The elastic wave characteristics, namely the wave velocity, attenuation, and resonant frequency, were analyzed
using the FFRC test. For the test results, the values obtained from the elastic wave signals using an accelerometer
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Fig. 8. Concept of FFRC test for measuring the characteristics of compressive waves.

were averaged, and the measurements were performed three times after artificial vibration. Table 4 lists the
FFRC test results for the concrete specimens. Based on these test results, we observed that the compressive wave
velocity was in a range of 3,775 m/s to 4,290 m/s, and the values of attenuation and resonant frequency were in
ranges of 0.021 to 0.031 and 9.6 kHz to 11.0 kHz, respectively.

To investigate the permeability using the prediction model based on attenuation, experimental results and
referred values of concrete materials were used (Tables 2 and 3, and 4), namely, P-wave velocity (V) of 4,000 m/s,
angular frequency (w) of 10 kHz, porosity (1) of 10%, Young’s modulus (E) of 30 GPa, Poisson’s ratio (v) of 0.2,
pore size diameter (a) of 50 nm, and saturation (S) of 1%. In addition, the tortuosity (a) in concrete materials
with high density and strength for underground structures, such as engineered barriers in deep geological
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Specimen | Compressive wave velocity [m/s] | Attenuation, Q~! [-] | Resonant frequency, F, [kHz]
#S1 4290 *(0.0) 0.023 (0.002) 11.0 (0.0)
#S2 4290 (0.0) 0.025 (0.002) 11.0 (0.0)
#D1 4030 (0.0) 0.023 (0.001) 10.3 (0.0)
#D2 4073 (0.0) 0.026 (0.004) 10.4 (0.0)
#S3 4290 (0.0) 0.021 (0.001) 11.0 (0.0)
#54 4290 (0.0) 0.029 (0.011) 10.9 (0.0)
#D3 4273 (376.2) 0.025 (0.004) 102 (0.1)
#D4 3996 (0.0) 0.025 (0.002) 10.2 (0.0)
#85 4211 (0.0) 0.023 (0.002) 10.9 (0.1)
#56 4203 (0.0) 0.023 (0.002) 10.8 (0.0)
#D5 3775 (20.3) 0.031 (0.004) 9.6 (0.1)
#D6 3794 (0.0) 0.026 (0.002) 9.8 (0.0)

Table 4. Results of FFRC test using concrete specimens. *( ): standard deviation of measured values.

storage, falls within the range of 1 to 100°%32, Therefore, in this study, the relationship between attenuation and
permeability was analyzed by considering tortuosity values in the 1-100 range.

The experimental attenuation and permeability data for the concrete specimens were compared with the
attenuation—permeability curves obtained from the prediction model. In Fig. 10, the laboratory test results
(hollow squares in the scatter plot) match well with the curve for the predicted permeability based on attenuation
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Fig. 10. Permeability comparison of experimental results and prediction model based on attenuation.

when the tortuosity is 10 (green curve). For impermeable concrete materials, the value of tortuosity is in the
range of 10-25 when the porosity is in the range of 6-10%". The difference between the measured and predicted
permeabilities was calculated to be less than 2.58 X 10~? m/s with a standard deviation of 1.42x 10~ m/s.

Through verification, it was concluded that the permeability can be estimated by analyzing attenuation in
conjunction with the properties of concrete materials. In this study, the validation of the modified Biot’s model
was conducted on limited specimens and conditions, so the accuracy and reliability of the validation need to
be improved in future studies. However, the modified Biot’s model from this study represents an innovative
approach to evaluating the permeability of concrete structures in the field using elastic wave characteristics.
Therefore, it is expected that the proposed model can be utilized as a simple, quick, and accurate permeability
monitoring approach to prevent disturbances to structures in the field.

Conclusion

Concrete materials have been widely used in important infrastructure under underground conditions, such as
engineered barriers for deep geological storage and tunnel linings. Monitoring the permeability variation in
concrete materials is crucial because it is related to the pathway of groundwater inflow and leakage of stored
fluid. In this study, Biot's model, which is based on the characteristics of compressive elastic waves, was used
to estimate the permeability of concrete materials for nondestructive monitoring. A sensitivity analysis was
performed to evaluate the P-wave velocity and attenuation according to the permeability of the concrete
materials. In addition, the characteristics of the elastic waves were investigated by performing laboratory tests to
validate the prediction model. The following results were obtained:

o A permeability prediction model for porous media, based on the characteristics of elastic waves, was derived
using Biot’s model. The permeability of a concrete material can be calculated using the prediction model em-
ploying the P-wave characteristics of velocity and attenuation, along with the concrete properties.

« During the sensitivity analysis of P-wave velocity and attenuation with respect to permeability, the change
in P-wave velocity was determined to be insignificant with an increase in permeability. Instead, our analysis
showed that the P-wave velocity values changed dramatically with the variation in Young’s modulus. There-
fore, P-wave velocity is unsuitable for evaluating permeability characteristics.

o The attenuation was found to vary significantly with the variation in permeability. In particular, the increase
in attenuation was higher in cases of high porosity and saturation when the permeability was increased. It was
inferred that attenuation is related to the pore structure (i.e., permeability, porosity, saturation, and pore size).
In addition, the wave propagation path and energy loss of the waves increase. Therefore, attenuation increases
in concrete materials with high porosity and permeability.

o An experimental test was performed to verify the prediction model for permeability based on attenuation.
Through a comparison between the modified Biot’s model and the experimental test results, it was verified
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that the attenuation-permeability curve can be used to estimate the permeability using attenuation. In this
study, the limited properties of concrete were considered to derive a prediction model for permeability. Nev-
ertheless, the results of this study can be utilized for the non-destructive estimation of the permeability of
concrete using the characteristics of elastic waves in underground structures.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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