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Introduction: Soil gas permeability is critical to the study of soil pore structure,
soil gas transport, and crop growth.

Methods: In this paper, a pressure decay method is proposed to calculate soil gas
permeability based on the law of conservation of mass, which is measured and
comparedwith the steady-statemethod in a variety of soils, including compacted
soils and soils with different moisture contents. The applicability of the two
methods and the effects of compaction and water content on soil gas
permeability were explored.

Results: The experimental results show that in low-permeability soils, there is a
bias in the measured values of the steady-state method. In contrast, the results
calculated based on the pressure decay method are more accurate. Increasing
thewater content of the soil or compacting the soil results in a 20%–88%or 63%–
93% decrease in soil gas permeability, respectively, with the degree of decrease
correlating with the viscosity of the medium.

Discussion: The findings show that calculating soil gas permeability based on the
pressure decay method helps compensate for the inaccuracy of the steady-state
method in measuring results in low-permeability soils. This leads to a better
evaluation of soil aeration conditions, which, in turn, serves environmental,
agricultural, and ecological research.
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1 Introduction

Soil gas permeability is an important parameter for studying the transport of soil gas. It can
be used to quantify the number of connected pores, characterize the pore structure of soils (Liu
et al., 2020), and to assess the spatial variability of soil permeability (Huang et al., 2016;
Schjønning and Koppelgaard, 2017). Soil gas permeability has been widely used in geotechnical
and petroleum engineering, and is also an important parameter in environmental and
agricultural research. For example, the accurate measurement of permeability is a
prerequisite for the application of soil vapor extraction for the remediation of contaminated
soils (Poulsen and Moldrup, 2007). Measurement accuracy is also an important indicator for
evaluating soil aeration conditions and crop production, and a necessary prerequisite for
understanding and quantifying liquid- and gas phase transport processes in the permeable zone.
Soil gas phase is the primary source of plant oxygen and the soil liquid phase (or soil solution)
provides plant water and nutrients. Accordingly, soil gas permeability is a key component in
controlling the soil-plant-atmosphere continuum by affecting soil gas storage and transport of
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atmospheric oxygen to the respiratory plant root system (Chamindu
et al., 2015). In soils that are less permeable to gases, plant oxygen, water,
and nutrient requirements are not always adequately transmitted. If any
of these requirements reach limiting conditions, there can be significant
impacts on plant life and crop productivity (Chamindu et al., 2012; Feng
et al., 2024a; Jiang et al., 2024). Effective gas exchange between the plant
root zone and the atmosphere is required to ensure adequate
replenishment of depleted O2 and rapid removal of excess CO2

from the plant inter-root zone, which is essential for sustaining the
activities of the plant root and soil microbial ecosystems. In the absence
of gas- and liquid-induced movement, gas and nutrient exchange
between the plant root system and surrounding environment may
be limited. In addition, soil respiration rates are affected by soil gas
permeability, which consists mainly of O2 uptake by plant roots and
microorganisms and varies from a few gm−2 per day to tens of gm−2 per
day over large areas of soil, depending on the permeability of the soil
gases, including fallow, pasture, forests, un-irrigated and irrigated,
cropland, and orchards (Ben-Noah and Friedman, 2018; Feng et al.,
2024b). Therefore, the magnitude of the soil gas permeability is very
important for plant and crop growth. The accurate measurement of soil
gas permeability is a key technique for evaluating soil aeration
conditions and crop production. In addition, soil gas permeability
has important applications in environmental radon studies,
especially in soil gas radon measurements, which are critical for
assessing radon gas migration and distribution (Lara et al., 2015;
Ryzhakova et al., 2024).

However, soil gas permeability can be affected by many factors that
include sampling or test scale, pore type, size and distribution,
associated pore pressures, and even temperature. These factors can
make the accurate measurement of permeability challenging. Currently,
media permeability measurement methods comprise steady state and
unsteady state methods (Jannot and Lasseux, 2012; Sander et al., 2017;
Stoltz et al., 2010) The steady state method is usually calculated using
Darcy’s law, which directly measures the gas flow rates at the inlet and
outlet during a continuous gas supply using a flowmeter. The method
usually introduces a Reynolds number to differentiate between laminar
and turbulent flow, which determines whether the laminar flow
assumption is satisfied for constant-flow tests (Booker et al., 1994;
Bouazza and Vangpaisal, 2003). This is because, in porous media,
Darcy’s law applies to fluids with laminar motion at low Reynolds
numbers (Peng et al., 2016). However, there are several problems
associated with the steady state method. First, the experimental
measurement time is long for low-permeability media (Liu et al.,
2015; Yang et al., 2019). Accordingly, it is currently mostly used in
media with high permeability, such as sand with large particle size and
glass beads (Hamamoto et al., 2009; Matsumoto et al., 2021;
Pourbakhtiar et al., 2017). Second, it is difficult to develop flow
sensors with very high accuracy, resulting in poor measurement
accuracy (Malkovsky et al., 2009; Sander et al., 2017; Yang et al.,
2019). The unsteady state method, which typically involves placing a
sample in a test device and injecting fluid at both the upstream and
downstream ends to achieve the desired equilibrium pressure, measures
the change in average pore pressure over time and is commonly used to
determine low-permeability media in highly inhomogeneous,
microporous, and unconventional reservoir rocks (Chalmers et al.,
2012; Li et al., 2004; Ma, 2015; Sander et al., 2017; Zhai and
Rahardjo, 2013). The Literature provides an overview of the
intervals over which shale permeability can be measured using two

experimental methods. Calculations are performed using the steady
state method for soil gas permeability >1 millidarcy (mD), and the
unsteady state method is typically used for media with <1 mD (Sander
et al., 2017; Zhai et al., 2021). For shallow soils in the field, most simple
and easy-to-use steady state methods are currently used (Matsumoto
et al., 2021; Pourbakhtiar et al., 2017; Zhai et al., 2019). However,
shallow soil geometry, volumetric water content, and tillage practices
alter soil gas permeability. Ball and Robertson (1994) demonstrated that
reducing the air content from 40% to 10% by compressing the medium
reduced permeability by three orders of magnitude. Nakajima et al.
(2016) found that the permeability of soil decreased sharply with
increasing volumetric water content. Changes in these physical
parameters of the soil will likely lead to bias in steady state method
measurements. Yang et al. (2019) suggested using the unsteady state
methods instead of the steady state method tomeasure the permeability
of low-permeability soils.

This paper describes the design of a measurement method based
on the law of conservation of mass that is compatible with low-
permeability soils—the pressure decay method (unsteady state
methods). The traditional steady state method is also introduced,
and the measurement results of the pressure decay method are
compared with those of the steady state method to investigate the
advantages of the pressure decay method. Measurements were made
using steady state and pressure decay methods in soils with different
volumetric moisture contents and compaction.

2 Materials and methods

2.1 Material characteristics

This study was performed from April to July 2023 in the
laboratory of Zhejiang Agriculture and Forestry University at a
constant room temperature of 25°C ± 1°C. The gas permeabilities of
six different media were calculated and analysed using the steady
state and pressure decay methods. The six experimental media
(Figure 1) were obtained from Hangzhou, Zhejiang Province,
China. Their basic physical parameters are listed in Table 1. The
effective porosity of the dry medium was equal to the total porosity.

2.2 Experimental setup and
operation methods

The experimental apparatus used by Pourbakhtiar et al. (2017) and
Maier et al. (2012) was improved, as shown in Figure 2. The device
consisted of a 65 cm high stainless-steel cylinder with an inner diameter
of 20 cm, with the gas chamber portion of the device at a height of 15 cm
on the lower bottom surface and the soil column chamber at a height of
50 cm above the gas chamber. The upper and lower portions were
separated by a perforated metal plate. Soil column chambers were used
to hold samples of porous media at the desired depth, with the top open
to the outside air. Soil temperature and humidity sensors (CSF 15,
Beijing Star Sensor Technology Co., Ltd.) with humidity and
temperature accuracy of 3% and 0.1°C, respectively, were installed at
depths of 10 and 20 cm in the soil column to measure the moisture and
temperature changes in the soil. The bottom gas chamber was fitted
with an air conduit port at a height of 14 cm to connect to the high-
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pressure port of the differential pressure sensor (C268, Setra Systems,
Inc.), with an accuracy of ±0.25%. The low-pressure port was connected
to the air-conducting tube port on the surface of the soil column
chamber to measure the pressure difference between the interior and
exterior of the chamber. The inlet port at the bottom 1 cm can be
connected to the equipment for the steady-state method (port 1 in
Figure 2) or the equipment for the pressure decay method (port 2 in
Figure 2), depending on the experimental needs. Among them, the
steady state method mainly consists of an air pump, flow meter
(MF4003-02-O6, Nanjing Shunlaida Measurement and Control
Equipment Co., Ltd.) with an accuracy of 1.5%, and a precision
valve for controlling the gas flow into the gas chamber. The specific
experimental procedure is detailed elsewhere can be obtained from the
studies of (Matsumoto et al., 2021; Pourbakhtiar et al., 2017).

The pressure decay method consists of a volumetric gauge with a
scale and stepper motor to quantitatively control the number of gas

volumes entering the gas chamber. The process includes the
following steps:

1) The soil column is filled with dry porous media in 5 cm
increments to ensure uniformity of the media.

2) The soil column is left for 5–7 min. During this period, air
evenly diffuses within the column to ensure that no pressure
builds up inside the column.

3) A stepper motor drives the piston of the volumetric gauge to
inject the gas into the gas chamber. The amplitude of the motor
is adjusted to inject a desired volume of air. The gas inside the
device can only escape through the sample.

4) Real-time recording of the pressure difference between the
inside and outside of the gas chamber is performed using a
differential pressure sensor with a sampling frequency
of 5 Hz.

FIGURE 1
Six particle sizes used as porous media within the soil column chamber. 1-6 represent Coarse quartz sand, fine quartz sand, sandy loam, fine sand,
loam, and clay, respectively.

TABLE 1 Composition and physical properties of soil media used in this study.

Num Quartz sand Sand Silt Clay Soil type D10 mm D60 mm V m3 m-3 Cua

1 ✔ Coarse quartz sand 0.800 1.200 0.34 1.50

2 ✔ Fine quartz sand 0.500 0.835 0.38 1.67

3 ✔ ✔ ✔ Sandy loam 0.063 0.110 0.41 1.74

4 ✔ Fine sand 0.125 0.200 0.37 1.60

5 ✔ Loam 0.045 0.074 0.52 1.65

6 ✔ Clay 0.050 0.088 0.49 1.76

D10 and D60 are soil particle diameters, V is total porosity, and Cu is the Hazen effective particle size coefficient.
aCu = d60/d10 and soils with Cu values <2 can be considered homogeneous.
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An approximate analytical solution describing the pressure-time
relationship in the gas chamber was derived by recording and analyzing
the data on the pressure in the gas chamber as a function of time. The
medium gas permeability was calculated by performing a linear least-
squares fit to the recorded pressure-time test data. After completing the
gas permeability measurement of the dry medium, the medium was
wetted and the gas permeability in themediumwas calculated using the
steady-state and pressure decay methods. The specific steps began with
the sprinkling of water on the upper surface of the soil column. The
experiment was performed with the humidity sensor indication at
20 cm as the reference value, with the aim of simulating soil moisture
changes during water-saving irrigation. After water was added, the gas
permeability of the soil column medium was measured for 5 min using
the steady-state and pressure decay methods. After completion of the
water addition experiment, the soil columns were refilled to investigate
soil gas permeability after compaction of the medium to ensure the
stability of the two measurement methods. Three soils were chosen.
First, we filled the soil column with dry soil in 5 cm increments to
ensure a uniform medium. This was followed by compaction using the
same pressure column, which ensured that the pressures were the same
to probe the gas permeability of the compacted soil. After filling the soil
columns, the gas permeability of the soil in the columns was measured
for 5 min using the steady-state and pressure decay methods.

2.3 Calculation principle of the steady-
state method

The steady-state method for measuring the permeability of media
gases is primarily based on a constant pressure gradient and gas flow
rate. Gas transportation in the media is mainly caused by total pressure
or concentration gradients, which depend on the pore structure of the

material, such as pore size, connectivity, and curvature (Booker et al.,
1994; Vangpaisal and Bouazza, 2004). In unsaturated porous media,
where the total pressure gradient in the pores is usually themain driving
force (Bouazza and Vangpaisal, 2003), one-dimensional isothermal gas
flow through the medium can be described by Darcy’s gas law (Muskat
andWyckoff, 1937; Stonestrom and Rubin, 1989). The gas permeability
of the medium can then be calculated from Darcy’s law, using the
following equation:

ka � −Qηh
AΔP (1)

where A (m2) is the cross-sectional area of the medium in the gas
chamber, Q (L min−1) is the gas flow rate, η (Pa s−1) is the
aerodynamic viscosity, h (m) is the height of the soil column, ΔP
(Pa) is the difference in pressure through the medium pores caused
by the difference in pressure between the air pressure PC in the
bottom chamber and the air pressure Ph on the surface of the soil
column, and ka (m2) is the permeability of the medium.

2.4 Calculation principle of pressure
decay method

Under isothermal conditions, when gravitational effects
are neglected, one-dimensional gas flow (convective flow) is
regarded as an ideal gas (Li et al., 2004). According to the ideal
gas law PV = nRT, the gas equation of state can be further derived as
the following equation in a system with a constant volume and air
temperature:

dn′
dt

� V

RT

dP′
C

dt
(2)

FIGURE 2
Schematic diagram of the device. (A) shows the overall setup, including the soil column, air chamber, sensors, and measurement devices. (B)
illustrates the pressure decaymethod, showing the volumemeter and steppermotor system. (C) depicts the steady-statemethod, including the precision
valves, flow meter, and air pump. Port 1 and Port 2 are connected to the inlet port, respectively.
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where V (m3) is the constant volume of the gas chamber, T(K) is the
constant air temperature, R is the gas constant, n’ (mol) is the change
in the amount of gas in the volume, and t(s) is the time. P’C(Pa) is the
amount of change in pressure within the chamber, the magnitude of
which is equal to the difference between the value of pressure within
the bottom chamber (PC) and the original value of pressure at rest
within the chamber (Por). Introducing the molar volume of air, Vm

(m3 mol−1), and density of air, ρ (g cm-3), into Equation 2 gives:

Vmρdn′
dt

� VVmρdP′
C

RTdt
(3)

Equation 3 further reduces to:

dmloss

dt
� VVmρ

RT

dP′
C

dt
(4)

where mloss (g) represents the mass of air lost within the chamber.
According to Darcy’s law, Equation 1 can be obtained as:

Q � dVleaky

dt
� −Aka

ηh
ΔP (5)

where Vleaky (m3) is the volume of the gas leakage through the
medium. By introducing the air density ρ, mleaky can be used to
represent the mass of gas leaking through themedium, and Equation
5 can be expressed as:

dmleaky

dt
� Akaρ

ηh
ΔP (6)

When the gravitational effect and vertical variation of
temperature are neglected, according to the law of conservation
of mass, dmleaky = dmloss. by associating Equations 4, 6, the following
equations for isothermal, one-dimensional, and vertical airflows in
the experimental setup can be obtained:

VmV

RT

dP′
C

dt
� −Aka

ηh
ΔP (7)

If it is defined that the pressure inside the air chamber reaches its
maximum value at t = 0, then at this point P′

C(0) � PC(0) − Por,
where Por is the original pressure inside the air chamber that has not
changed, the magnitude of the value can be considered to be equal to
the pressure of the air (Patm). Based on the definition and initial
conditions, we can obtain the solution to Equation 7, as follows:

PC t( ) � Ph + PC 0( ) − Patm( ) exp − t
τ

( ) (8)
where τ is the time constant:

τ � ηhVVm

ARTka
(9)

The gas permeability of the medium can be easily calculated by
recording the gas chamber pressure difference over time through the
sensor and performing a least-squares fit to the recorded pressure-
time data, according to Equations 8, 9, respectively.

2.5 Data analysis

The coefficient of determination (R2), standard deviation (SD),
and coefficient of variation (CV) were used to compare the stability

of the two methods for calculating gas permeability and to evaluate
the performance of the models. In this study, to better judge the
effect of different gas flow rates on the steady-state method, we
introduced the average increment of differential pressure with
increasing flow rate and normalized the values to eliminate the
order of magnitude variability using the following equation:

~Y � �xi − �xmin

�xmax − �xmin
(10)

where ~Y denotes the normalized mean incremental value of
differential pressure, �xi denotes the mean incremental value of
differential pressure for the corresponding flow rate, �xmax denotes
the maximum mean incremental value of differential pressure, and
�xmin denotes the minimum mean incremental value of
differential pressure.

We calculated ln (RR) as the effect value to analyse the effect of
media water content, compaction, and soil type on soil gas
permeability using R Studio’s metafor software package (Doherty
et al., 2021; Viechtbauer, 2010) with the following equation:

ln RR( ) � ln
YA

YB
( ) (11)

where Y is the average gas permeability for the treated (A) and
untreated (B) groups. Using this method, a value of zero indicates no
effect, a positive value indicates an increase in the gas permeability of
the medium after treatment, a negative value indicates a decrease in
the distance travelled in the treatment, and a negative value indicates
a decrease in the gas permeability of the medium after treatment.
The exponent ln (RR) can be interpreted as the percentage difference
between the two experimental groups. The differences in the
experiments (P < 0.05) were considered significant. where the
sampling variance is calculated using the following formula:

vlnRR � SD2
A

NAY2
A

+ SD2
B

NBY2
B

(12)

where N represents the sample size for Treatment A and
Treatment B.

3 Results

3.1 Disadvantages of the steady-
state method

The steady state method based on Darcy’s law to describe the air
infiltration process in soil and to establish a linear relationship
between the gas flow rate and pressure gradient. Gas is passed into
the bottom gas chamber through an air pump, which relies on a
precision valve to regulate a constant gas flow that creates a pressure
difference between the inside and outside of the soil column, forcing
the air to flow only through the soil sample. Figure 3A shows the
relationship between the differential pressure values and increasing
gas flow rate in the six dry soils with different porosities. The
differential pressure values positively correlated with the gas flow
rate. In addition, it can be seen from Figure 3A that at the same flow
rate, different types of soil displayed varying differential pressure
values in the order of coarse quartz sand < fine quartz sand < sandy
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loam < fine sand < clay < loam, with clay growing more rapidly than
sandy loam. However, with increasing gas flow rate, all the soils
displayed a near-linear increase in differential pressure, with an R2

value exceeding 0.95 by linear fitting. However, in combination with
the normalized mean incremental values of differential pressure
(Figure 1B), the mean incremental increase in differential pressure
with increasing gas flow rate was insignificant for both coarse and
fine quartz sand, and the value of the increment was highest at a gas
flow rate of 0.1 L min−1. In sandy loam, fine sand, clay, and loam all
appeared to show a significant incremental trend in the average
increment in differential pressure as the flow rate increased. This
suggests that in these types of soils, where the average increment in
differential pressure exhibits an incremental increase, a build-up of
gas passing into the chamber occurs as the flow rate increases,
resulting in a high air pressure within the chamber. This
phenomenon leads to errors in soil gas permeability
measurements, especially in measurements with high gas flow rates.

To further analyze the results of the calculation of gas
permeability (ka), we substituted the data collected in real time
by the differential pressure sensor and flowmeter into Equation 1 to
calculate the gas permeability of the medium. The results are shown
in Figure 4. The data show the ka values of the six dry soils at
different flow rates using the steady state method, where the dots
represent the mean values and the line segments represent the error
values. For the two quartz sands, the calculated gas permeability
increased with increasing flow rate, with the values gradually
levelling off in the later stages. In contrast, for the other four
soils, the values continued to decrease. Analysed by Equation 1,
this phenomenon is consistent with the results depicted by the
average increment in the differential pressure in Figure 3B. This is
because in both quartz sands, owing to the small gas flow rate, the air
does not completely fill the pores of the medium and facilitates the
build-up of gas within the gas chamber, resulting in an increase in
the differential pressure value. This produces small calculated gas
permeability values of the two quartz sands at low flow rates,
whereas large flow rates allow the air to fill the pores of the

medium and reach a steady-state of flow more quickly. However,
in soils with low gas permeability, soil pores do not have better
connectivity. As the gas flow increases, the gas accumulates in the
soil and cannot flow from the soil column to the atmosphere in a
timely manner. This leads to a pressure difference between the inside
and outside of the soil column becoming increasingly larger,
resulting in a low value of the calculated soil gas permeability.

3.2 Pressure decay method

The unsteady state method (pressure decay method) was also
used to investigate the relationship between the pressure difference
within the soil column and time, and to calculate the gas
permeability of the medium. During the experiment, 100, 50, and
30 mL of gas were injected into the five soil columns. Because the
bottom of the device was sealed, the gas could only flow into the
atmosphere through the soil columns according to the pressure
gradient, until the internal and external air pressures were equal.
During this process, we observed a trend in the pressure difference
within the soil column with time, as shown in Figure 5. The
pressure-time decayed in a nonlinear manner, and the trend of
pressure decay overlapped for each soil after the injection of
different volumes of gas. These findings show that for the same
medium, the trend of pressure-time decay does not correlate with
the volume injected by this method. For, the convenience of the later
experimental manipulation, we uniformly used 100 mL of gas
injection volume for the study. In addition, the rate of decay
depended on the permeability of different soils, with the rate of
decay being increasingly lower as the permeability was lower.

To further verify whether the theory of the pressure decay
method is valid, the study log-transformed the data in Figure 5
according to Equation 8 to eliminate the numerical variability
caused by different magnitudes and fit them using the least
squares method. The results are shown in Figure 6. The pressure
functions ln [(PC- Ph)/(PC (0)-Patm)] for the five soils were linear

FIGURE 3
(A) Line graph of the variation of differential pressure with flow rate for six different media measured by the steady-state method. (B) Normalized
mean incremental values of differential pressure calculated for the six porous media based on Equation 10.
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with respect to time, with R2 values >0.97 for each of the five soils
fitted to a theoretical straight line. The fit between the transformed
observations and the theoretical predictions was satisfactory. This

allowed the principle of the pressure decay method to be validated in
practical measurements, showing that this method is feasible for
measuring soil gas permeability.

FIGURE 4
Steady-state method for measuring gas permeability with flow rate for six different soils. (A) represents coarse quartz sand, (B) fine quartz sand, (C)
sandy loam, (D) fine sand, (E) loam, and (F) clay. The circles represent the average of multiple measurements at different flow rates.

FIGURE 5
Decaying change of gas pressure with time for five porous media
injected with 100, 50, or 30 mL of gas. Different shapes represent
different amounts of injected gas: “green” represents fine quartz sand,
“blue” represents sandy loam, “black” represents fine sand,
“orange” represents loam, and “red” represents clay. If coarse sand
pressure decay is too fast, less data are collected; this information is
not plotted.

FIGURE 6
Linear analysis predictions for measured data of ln [(PC- Ph)/(PC

(0)-Patm)] versus time for five soil samples. The circles represent the
measured data and the shaded area represents the 95%
confidence interval.
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3.3 Comparison of steady-state and
pressure decay methods

The unsteady state method (pressure decay method) designed
in this study showed the same small difference in mean values
compared to the steady-state method calculations. However, the
variance showed a large difference. This also indicates that the
fluctuations in the data calculated by the steady-state method are
more significant (Table 2). For further clarity in presenting the
results, Figure 7 compares the five soil permeability values
calculated using the steady state method (Equation 1), and the
pressure decay method (Equation 8). The distribution of the
anomalies, as well as the maximum or minimum values in
Figure 7 indicate that the values calculated by the pressure
decay method are more stable than those calculated by the
steady state method. Comparing the stability of the two

methods by calculating the coefficient of variation revealed
that the CVs for the five soil gas permeabilities calculated
using the steady state method ranged from 0.015 to 0.03,
whereas the CVs calculated using the pressure decay method
ranged from 0.005 to 0.017. These findings also indicate that the
values of the soil gas permeability calculated using the steady
state method were more discrete than those calculated using the
pressure decay method. The size of the boxes and the distribution
of the mean values in Figure 7 indicate that the values measured
by the steady state method became progressively more discrete as
the permeability of the soil gas decreased, and the calculated
results were progressively smaller than those of the pressure
decay method. These findings indicate that there is a small
measurement value for the steady state method in a medium
with low-permeability. This phenomenon is consistent with the
results in Figure 4. In addition, fine quartz sand had the largest

TABLE 2 Comparison of the steady-state method with pressure decay method.

Soil type Statistical indicators Fine quartz sand Sandy loam Fine sand Loam Clay

Steady-state method Variance 1.141 × 10−25 8.512 × 10−27 4.988 × 10−27 1.435 × 10−27 8.224 × 10−27

Mean 2.265 × 10−11 5.300 × 10−12 3.299 × 10−12 2.511 × 10−12 3.547 × 10−12

Pressure decay method Variance 1.338 × 10−26 4.911 × 10−27 2.319 × 10−26 2.009 × 10−28 1.245 × 10−26

Mean 1.921 × 10−11 5.297 × 10−12 3.292 × 10−12 2.544 × 10−12 3.664 × 10−12

FIGURE 7
Comparison of soil gas permeability calculated by steady-state method and pressure decay method for the studied six soils. (A) represents fine
quartz sand, (B) sandy loam, (C) fine sand, (D) loam, and (E) clay.
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difference in gas permeability calculated by the two methods,
except for Figure 7A, which shows the difference between the two
methods. Fine sand and sandy loam had similar mean values
calculated using the two methods, whereas loam and clay had
larger differences between the mean values calculated using the
two methods. The main reason for these findings is that because
of the lack of cohesion between sandy soil particles the soil is
loosely packed with a large porosity, whereas clay is tightly
structured and the soil porosity is relatively small. This leads
to the steady-state method in low-permeability soils because of
the gas build-up during measurements, in turn leading to a large
pressure difference in the gas chamber. As a consequence, the

flowmeter readings become unstable. In addition, in low-
permeability soils, owing to the highly time-consuming and
thermally sensitive steady state method of gas flow rate, it
took longer to reach a steady-state. However, pressure decay
experiments are less susceptible to this inaccuracy because the
calculations of this method only require the acquisition of the
pressure-time response relationship, which is measured over a
shorter period of time. In addition, the pressure decay method
uses a differential pressure transducer, which is usually more
accurate than a flow meter and is more reflective of the airflow
process, accurately depicting the reality of the air
seepage process.

FIGURE 8
Changes in air permeability of soils with different moisture contents measured by steady-state method and pressure decay method. (A) All data
points, p < 0.001. RR denotes the response ratio, the grey dashed line represents the total effect size, and Gray is the 95% CI. (B) Variation of air
permeability with soil moisture content. RR denotes the response ratio, the black solid line is the predicted regression line for the effect size, and the grey
area is the 95% CI.
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3.4 Effect of volumetric soil moisture
content on gas permeability

To investigate the effect of soil volumetric water content on gas
permeability, an experiment was performed by adding water to the five
media mentioned above, resulting in a decrease in effective soil porosity
ranging from 11.2% to 25.3%. The steady-state and pressure decay
methods were independently used to calculate the soil gas permeability.
The results are shown in Figure 8. Panel a shows that the effect values
for several soils were <0, ranging from −0.29 to −2.17. According to
Equations 11, 12, the addition of water to dry soils reduces soil gas
permeability in all cases, but the decreasing trend varies from soil-to-
soil. For both sands, the water addition treatment produced significantly
less effect on soil gas permeability than did the loam and clay
treatments, where the addition of water produced a 25%–56% (effect
sizes of −0.287 to −0.815) effect on soil gas permeability. For several
soils, the addition of water instead resulted in a 31%–88% decrease in
gas permeability (effects of −0.367 to −2.175). We proximally
introduced explanatory variables for the model and found that
volumetric water content significantly affected soil gas permeability
(Qm = 120, p < 0.001), which decreased significantly with increasing
volumetric soil water content (Figure 8B). For soils with cohesion, the
effect of soil moisture on air permeability was more significant. This is
because clay has smaller particles and lower porosity, and water is
readily adsorbed and retained by the clay surface. Sandy soils, in
contrast, have large particles and high porosity, so water is more
easily lost through soil crevices. Comparison of the effect values
calculated by the steady-state method and the pressure decay
method revealed extremely close values (−0.860 and −0.848,
respectively). However, analysis of the individual effect values
revealed that the 95% confidence intervals for the steady state
method were larger than the values for the pressure decay method.
These findings suggest that the gas permeability results calculated by the
pressure decaymethod are likewise more stable than those of the steady
state method in moist soils. In addition, the changes with the loss of soil
water content were not the same for different soils. In clayey soils, the
soil became firmer as shrinkage occurred with loss of water content.
However, many cracks appeared in sandy and loamy soils, which may
have led to different changes in the gas permeability.

3.5 Effect of soil compaction on gas
permeability

The effects of soil compaction on soil gas permeability were
assessed. Three dry soils were chosen for the same compaction
operation. Loam showed the greatest reduction in effective pore
space (21%), with reductions of 17.5% for clay and 13% for sandy
loam soils. The steady state and pressure decay methods were used to
calculate the gas permeability of the compacted treated soil (Figure 9).
The effect size for the three soils were also <0, with values ranging
from −0.995 to −3.182, indicating that compaction treatments result in
reduced soil gas permeability. The sandy loam decreased by 63%, with
decreases of 86% for loam and 93% for clay soils. These findings indicate
that a decrease of 0.2 in soil porosity will decrease the soil gas
permeability by an order of magnitude. Comparison of the effect
values of the soil under the two different treatments revealed that
the effect of the compaction treatment was generally greater than that of

the water addition treatment, after the effective porosity was reduced by
the same amount. In addition, comparing the two different methods of
calculating soil gas permeability revealed that the gas permeability
results calculated by the pressure decay method were more stable
than those calculated by the steady state method in compacted soils.

4 Discussion

4.1 Steady and unsteady (pressure decay)
state methods of calculation

The steady state and unsteady state methods are the two main
methods for calculating soil gas permeability. In the present study,
for the steady state method, the calculated soil gas permeability
values were low. This is because soil pores do not have good
connectivity in low- or ultralow-permeability soils. As the gas
flow increases, gas accumulates in the soil and cannot flow from
the soil column to the atmosphere over time. This led to a constantly
increasing pressure difference between the inside and outside of the
soil column, which caused a large deviation in the measurement. If a
small gas flow rate is used and because there are no more accurate
flow meters available (Yang et al., 2019), the gas flow fluctuations
will be larger, making the measurements unstable. In addition, when
using the steady state method, there may be an artificially created
illusion of accurate results, which was evident in Figures 3, 4. If the
calculation is performed at a certain flow rate, the results may
become more stable. However, there is the real risk that the
measurements will be small, a phenomenon that is more likely to
occur in soils with low-permeability. Determination of the flow rate
becomes a major difficulty when measuring the permeability of soil
gases by the steady state method, especially for media with gas
permeability <10−11 m2. The pressure decay method is less
susceptible to this inaccuracy. Because the pressure decay method
only requires the acquisition of the pressure-time response
relationship, the measurement time is shorter, and this method is
more reflective of the airflow process, accurately depicting the reality
of the air seepage process. However, in media with high permeability
(ka >10−10 m2), the pressure decay method may not be applicable.
The main reason for this method is that gas transport in porous
media is driven by a pressure gradient. For large porosity soils with
good pore connectivity, the gas is transported quickly and for a short
period of time, which results in the differential pressure meter not
being able to accurately capture the differential pressure value
(Figures 5, 6). However, for field soils, the soil gas permeability is
usually <10−10 m2, and is even smaller in wet or compacted soils.
Therefore, the permeability of field soils was measured using the
pressure decay method, which is useful for improving soil gas
permeability measurements and for better evaluation of soils.

4.2 Effect of volumetric water content on
soil gas permeability

Changes in soil water content affect permeability by altering the
connectivity of the aerated pores (Wang et al., 2009).Water is always
preferentially present in the smaller pores, whereas air preferentially
occupies the larger pores (Wang et al., 2008). In soil pores, an
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increase in water content inevitably leads to a decrease in the air
content. At low moisture content conditions, the corresponding gas
phase connectivity is high, and the increase in moisture does not
unduly impede airflow. With increasing water content, the water
phase is partially connected, and the effective ventilation channels or
air holes for air flow will be sealed, resulting in increased difficulty of
air flow, the blocking effect becomes more obvious, and the
permeability decreases rapidly (Jucá and Maciel, 2006). In
addition, water saturated soils generally shrink during drying,
resulting in decreased porosity or pore volume (Benavente and
Pla, 2018). The soil becomes less permeable. However, wetting
the soil to a depth of 20 cm resulted in shrinkage in clay soils,
while other soils developed fissures after drying and losing water at
the surface. These findings indicate that changes in water content
change the permeability of the soil. This is because soil aggregates
are destroyed upon exposure to water, forming microaggregates.
During subsequent drying of the soil, with the reduction in water
content, the pore structure shrinks, leading to a reduction in soil
volume and smaller pore spaces available for air, resulting in a lower
permeability coefficient (He et al., 2017).

4.3 Effect of compaction on soil gas
permeability

The connectivity of the pore network is a key parameter of the
soil and is important for plant growth, as well as water and gas
transport. Soil saturated hydraulic conductivity (Luo et al., 2010;
Sandin et al., 2017), permeability (Paradelo et al., 2016), and

greenhouse gas release (Rabot et al., 2015) are affected by soil
connectivity. However, soil compaction alters the soil pore
structure and connectivity, and the degree of deformation varies
from soil-to-soil with different textures, mainly caused by the
destruction of coarser pores and an increase in finer pores
(Bruand and Cousin, 1995; Cui et al., 2010; Huang et al., 2021;
Pagliai et al., 2000; Richard et al., 2001). Fine textured soils, such as
loam and clay, are more sensitive to compaction and show greater
reductions in pore ratios than sandy loams (Horn et al., 1995; Zhai
and Horn, 2018). Similar findings were observed by de Lima et al.
(2020), who concluded that soil sensitivity to compaction increases
with the initial substrate potential and clay content. Fine textured
soils are also associated with a higher susceptibility to swelling and
further reduction of pore width and pore continuity, which affects
clayey soils more intensely owing to their higher colloid contents,
more sensitive structure, and further internal deformation processes.
This significantly affects the gas permeability of the soil. For the
same type of soil, permeability increases with increasing pore
volume, and increases in the pore number and pore diameter
play an important role in the change in pore volume, which
affects the permeability coefficient. However, compaction had a
greater effect on soil permeability when comparing the results of
water content, where porosity decreased by the same amount.

5 Conclusion

In this study, an analytical solution of the pressure decaymethod
is presented to calculate the permeability using the experimental

FIGURE 9
Changes in air permeability of compacted soil measured by steady-state and pressure decay methods. All data points, p < 0.001. RR denotes the
response ratio, the grey dashed line represents the total effect size, and grey is the 95% CI.

Frontiers in Environmental Science frontiersin.org11

Feng et al. 10.3389/fenvs.2025.1474764

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1474764


data of the pressure-time response. The refined pressure decay
method has the advantages of simplicity, rapidity, and stability of
the pressure decay method compared to the steady state method.
This is because in low- and ultra-low-permeability soils, soil pores
do not have better connectivity, making the steady state method
measurement time longer and not applicable to low- and ultra-low-
permeability soils. The pressure decay method, is more stable than
the steady state method of measurement and better reflects the
process of airflow changes, accurately depicting the actual situation
of the air infiltration process. In modern agriculture, tillage is one of
the most prominent practices for changing soil structure. The
reduction of soil pores and deterioration of pore function caused
by the use of heavy agricultural machinery lead to compaction of
cultivated land, destruction of coarser pores in the soil, and an
increase in finer pores. In addition, changes in the soil water content
during natural rainfall or agricultural irrigation events cause changes
in the aerated porosity of the soil. All of these effects result in a sharp
decrease in soil gas permeability, thereby biasing the steady state
method in measuring soil gas permeability. Overall, the soil
permeability varied as a function of the pore volume. The
porosity and connectivity of soil pore sizes play an important
role in the variation in pore volume, thus affecting the soil
permeability coefficient. Pore continuity indicators can reflect the
decrease in pore curvature and surface area with increasing
macroscopic porosity, which leads to changes in the soil
permeability. Thus, in low-permeability soils, the unsteady state
method is preferred because of poor pore continuity. In this
experiment, the pressure attenuation method was well suited for
low-permeability soils and remained well suited for water-bearing
soils as well as compacted soils.
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