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Abstract

Gas-bearing sediments are widely distributed in five continents all over the world. Most of the gases exist in the
soil skeleton in the form of discrete large bubbles. The existence of gas-phase may increase or decrease the
strength of the soil skeleton. So far, bubbles’ structural morphology and evolution characteristics in soil skeleton
lack research, and the influence of different gas reservoir pressures on bubbles are still  unclear.  The micro
characteristics of bubbles in the same sediment sample were studied using an industrial CT scanning test system
to solve these problems. Using the image processing software, the micro variation characteristics of gas-bearing
sediments in gas reservoir pressure change are obtained. The results show that the number and volume of
bubbles in different equivalent radius ranges will change regularly under different gas reservoir pressure. With the
increase of gas reservoir pressure, the number and volume of tiny bubbles decrease. In contrast, the number and
volume of large bubbles increase, and the gas content in different positions increases and occupies a dominant
position, driving the reduction of pore water and soil skeleton movement.
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1  Introduction
Shallow gas refers to the gas lying within 1 000 m of the

seabed surface in shallow sediment layers (Davis, 1992). The gas
mainly consists of methane (Li et al., 2010). The formation of
shallow gas is related to the rapid deposition of terrigenous ma-
terials (Sobkowicz and Morgenstern, 1984). It has been found
that shallow gas is widely distributed in the major estuarine
deltas of the world, includes the Gulf of Mexico in America, the
Gulf of Guinea in Africa, the North Sea in Europe, and the Gulf of
ponty in Oceania (Fleischer et al., 2001). The exists of shallow gas
in the marine bearing sediments is isolated bubbles. In the high-
pressure submarine gas reservoir, it will release suddenly.
(Thomas et al., 2011). Gas bearing sediments are a well-known
problem in the marine geotechnics that has been studied for dec-
ades as the detection of gas content and micro characteristics are
essential for geohazard assessment (Esrig and Kirby, 1977;
Thomas, 1987; Sultan et al., 2004; Sultan and Garziglia, 2014;
Judd and Hovland, 2009; Riboulot et al., 2013)

The main difficulty in the laboratory study of gas bearing sed-
iments is to obtain the discrete micro distribution of bubbles,

which has been extensively studied over the last decades. The
density of solid particles and pore water in gas-bearing sedi-
ments is generally 103 kg/m3, the bubble density is generally in
the order of 1 kg/m3. Therefore, some scholars have applied CT
and scanning electron microscope (SEM) techniques to study the
microstructure characteristics of seabed sediments (Blunt et al.,
2013). CT can directly obtain the relative information of bubble
content, bubble size characteristics, and bubble shape in sedi-
ments (Robb et al., 2006). Warner et al. (1989) have visually ana-
lyzed the CT test results of the soil, showing that CT scanning
technology can accurately reveal the size characteristics, quant-
ity, and location of macropores in the studied object. Anderson et
al. (1998) has vividly presented the sediment image with gas con-
tent as high as 4.5% through medical CT scanning of the sedi-
ment samples taken from the seabed pockmarks. Best et al.
(2004) have applied CT to confirm the existence of bubbles in
sediments under tidal action as well as the influence of bubble
shape and bubble number density on the sound velocity. Jin et al.
(2006) have applied micro CT to scan the hydrate synthesized
natural gas in the high-pressure reactor, showing the potential of  
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CT in extracting substances with different densities. Tuffin (2001)
have conducted a CT test on the samples obtained from
Southampton Sea, UK. Before 2003, the scanning accuracy of CT
was ranged in 400−1 000 μm (Robb et al., 2007), so the relative in-
formation of the first kind of bubbles (Anderson et al., 1998)
could not be obtained directly. However, with the development
of CT technology, the accuracy of 10 μm order of magnitude can
be achieved now, which makes it possible to measure even smal-
ler bubbles. And it has been proven that the number of bubbles
decreases with the increase of bubble radius (Kim et al., 2014).
Hong et al. (2017) have scanned the water-free silty sand samples
made by sand rain method with a resolution of 14 μm and calcu-
lated the volume and visible porosity of the samples.

In this paper, gas-bearing sediment samples with different
gas reservoir pressures were prepared in a particular reactor. The
high-precision CT scanning experiment of remolding gas-bear-
ing sediment was carried out based on the industrial CT in situ
scanning equipment. Based on the two-dimensional slice image
and the three-dimensional reconstruction of the sediment space
image, the microstructure of the sediment can be observed intu-
itively, the solid, liquid, and gas components of the gas-bearing
sediment under different gas reservoir pressures can be obtained
accurately, the micro parameters such as bubble number and
volume are extracted, and the relationship between bubble num-
ber and radius is further analyzed, to provide a reference for mar-
ine engineering construction The safety research provides exper-
imental support.

2  Methodology

2.1  CT scanning test equipment
In this paper, the X-CT system (X-CT) from the Qingdao Insti-

tute of Marine Geology, China Geological Survey, Ministry of Nat-
ural Resources was adopted. The equipment was Phoenix V | Tom |
x Industrial CT produced by GE company (as Fig. 1). The hard
aluminum material of a high-pressure resistant reactor was ap-
plied as well. The maximum pressure was set as 15 MPa, and the
methane gas was in 99.99% purity. The gas injection was con-
trolled with a multi-head metal valve. The position of the micro-
focus X-ray source was fixed in vertical rotation (or) scanning.

The sample was rotated 360° along the X-Y plane to obtain the
perspective image of the whole gas-bearing sediment sample.
After the scanning, the projection from different angles and its
data of each ray were processed automatically to reconstruct the
image. All the fault X-axis, Y-axis, and Z-axis angles (Y-Z plane)
could be obtained by a 2D scanning image of the X-Y plane, X-Z
plane, and Y-Z plane.

2.2  Preparation of the gas-bearing sediment sample
To simulate the actual situation of shallow seabed gas, meth-

ane gas with 99.99% concentration (solubility of 3.5 mg/(100 mL)
at 17°C) was applied. A methane sensor was installed in the
laboratory, and the alarm would be sounded once the gas leak-
age exceeds the standard. The exhaust pipe was installed as well,
and methane gas would be discharged into the room with re-
duced pressure. The preparation of gas-bearing sediment
samples could be divided into four main steps.

(1) The original soil sample was dried in 95°C muffle furnace
for 6 h;

(2) The soil samples were dried and crushed, and the 0.7 mm
sieve was used for preliminary screening to remove the coarse-
grained impurities and organic impurities;

(3) 0.5 kg dry soil sample was weighed and divided into five
parts. Each sample of 100 g dry soil was added with 40 g water
and stored in a moisturized bag.

(4) The gas tightness of the reactor was tested accordingly.
When the pressure was increased to 8 MPa, the gas injection
valve would be closed. The pressure value would remain un-
changed for half an hour, proving that the reactor was well
sealed. Table 1 shows the main property parameters of experi-
mental soil.

2.3  Experiment procedure
Prior to the CT test, the airtightness of the reactor was tested.

The gas injection valve was opened, and the reactor pressure
containing sediment was increased to 8 MPa. If the pressure
value remained unchanged for half an hour after the gas injec-
tion valve was closed, it could prove that the reactor is well
sealed. Then, the reactor was deflated, and the soil sample was
loaded into the reactor evenly. The reactor filled with samples
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Fig. 1.   Phoenix V | Tom | x Industrial CT.
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was fixed on the rotating table in the CT studio afterward. The ro-
tation was set at 0.3°/s, and the samples were rotated 360° along
the X-Y plane to obtain the complete microscopic image of the
sediment samples. The scanning has lasted for 20 min. The CT
positions remained unchanged to gain the CT images of the same
sample under different gas injection pressures for the latter com-
parison.

In this experiment, CT scanning was performed on the gas-
bearing sediments in the reactor with no gas injection (atmo-
spheric pressure was close to unsaturated soil), and it was then
pressurized to 2 MPa, 4 MPa, and 6 MPa respectively. After each
CT scan of sediment samples, 1 000 original CT images in three
views (X-Y plane, X-Z plane and Y-Z plane of sediment) were ob-
tained, which were preprocessed and exported by VG Studio
MAX 2.1 software. The interface of software operation is shown in
Fig. 2.

3  Results

3.1  CT 2D images of samples
The gas-bearing soil sample at 2.166 mm was selected as the

example, and its scanning image obtained by gas injection pres-
surization at 2 MPa gas reservoir pressure is analyzed. It can be
seen from Fig. 3 that the part with the weakest X-ray absorption
and the darkest color (black) is the bubble; the part with the
strongest X-ray absorption and the lightest color is the soil skelet-
on. Some particles have a high density or a white color, which
should be high-density solid particles such as quartz located
between bubbles and solid particles. The grey color in the soil

matrix is pore water, which fills in the pores of particles, and part
of pore water even directly occupies the cavity of the soil skeleton.

The visualization software Avizo was adopted to dye the CT
image. Figure 4 shows the CT image of X-Y plane slice with the
process of solid, liquid, and gas three-phase segmentation and
coloring, where light gray is soil skeleton particles, blue is pore
water, and black is a bubble. Figure 4b is the particle separation
map of the solid medium, and the original gray image of CT is re-
tained as well. It can be found that the density of sediment
particles is also varied. Some particles with higher density show
lighter color and larger volume than surrounding particles in the
sediment, which may be quartz mineral particles. Figure 4c is the
extracted liquid phase separation diagram, and the connectivity
in the liquid phase is sound. The phenomenon of the pore water
group is occupying the cavity. At the same time, large bubbles are
surrounded by the pore water, and they even form a closed loop
in the image. Figure 4d is the extracted gas-phase separation dia-
gram. There are many large bubbles, and small bubbles are
scattered in the middle.

3.2  CT 3D images of samples
To achieve a more vivid and intuitive comparison of the mi-

croscopic characteristics under different gas reservoir pressures,
the intercepted CT image of the cube in the middle 2.17 mm is re-
constructed, as shown in Fig. 5. It is evident that the shape of the
bubble in the upper left corner of the cut-off sediment is rather
stable under varied gas reservoir pressures. The bubble occupies
all the pores, and the soil skeleton is relatively stable. Thus, the
soil skeleton does not change with the gas reservoir pressure.
When the pressure gas injection reaches 2 MPa, the number of
small bubbles increases, while that of medium-sized decreases.
When the pressure is increased to 6 MPa, the gas volume in-
creases significantly, and the solid moves upward, as shown in
Fig. 6. When the gas reservoir pressure in the reactor is reduced
from 6 MPa to 3 MPa, the soil skeleton becomes more stable, and
the pores and bubbles decrease in a more even manner.
However, it should be noted that the shapes of bubbles with the
increase of gas reservoir pressure are mostly irregular, except the

Table 1.   Basic properties parameters of test soil
Feature parameter Value

Water content (ω) 40.0%

Density (ρ) 2.82 g/cm3

Dry density (ρd) 1.95 g/cm3

Gravity specific (Gs) 2.7

Void ratio (e) 0.71

Porosity (n) 43%

 

Fig. 2.   Operation interface of VG Studio MAX 2.1.
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bubbles at 0 MPa, which are slightly spherical. There may be a
small channel existed to connect two main gas chambers. At the
same time, when the gas reservoir pressure increases from 4 MPa
to 6 MPa, the soil skeleton moves up.

Furthermore, the number and size of bubbles are analyzed,
and the CT image with 4 MPa gas reservoir pressure is selected as
an example. After the 3D reconstruction of the CT image, bubbles
can be chosen in line with the bubbles’ gray value in Fig. 7 to fa-
cilitate identification. The total volume of sediment intercepted
by CT is 4 039.25 mm3, in which the total volume of bubbles is
200.877 mm3, and the gas content is 4.97%. The number of

bubbles and each volume is analyzed, and 10 184 bubbles are ex-
tracted accordingly. The equivalent half diameter range of
bubbles is 0.013 5–2.513 mm, and the average bubble radius is
0.167 mm. The smallest bubble extracted from the image is a
voxel point, which is a cube with a side length of 21.74 μm and an
equivalent radius of 13.5 μm.

4  Discussion

4.1  Extraction of apparent gas content parameters
VG Studio MAX 2.1 was adopted to determine the threshold

value. The gray value range of the solid, liquid, and gas phases of
each CT scan slice is obtained accordingly. Image J is selected to
acquire the proportion of voxel range corresponding to different
substances in each CT image. For example, suppose the number
of voxels in the gray value range of the gas phase and the number
of voxels of a single slice in the scanned image are considered m
and n. In that case, respectively, the percentage of m in n for the
corresponding slice can be obtained, which is regarded as the ap-
parent gas content. Taking the CT images of gas-bearing sedi-
ments without gas injection as an example, the two-dimensional
segmentation and calculation of each CT image for a total of 803
X-Y planes were carried out, and the apparent gas content of
each position within the z-axis height of 17.40 mm was obtained
accordingly. The volume gas content of 4.97% showed the per-
centage of voxels, representing the sample’s gas state. The distri-
bution curve of the apparent gas content along the soil sample
was obtained with the sorted data, as shown in Fig. 8.

Similarly, the clear water cut and porosity distribution curve
can be obtained as well, as shown in Fig. 9. The apparent water

free gas

2 mm soil skeleton

pore water

 

Fig. 3.   Scanning graph of the gas sample at 2 MPa.
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Fig. 4.     CT scanning of a single slice and gas, liquid, and solid
separation diagram (X-Y plane direction).
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Fig. 5.   Comparison of bubble porosity under different gas reser-
voir pressures (side length: 2.17 mm).
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Fig. 6.   Comparison of 3D images of soil skeleton from 4 MPa to
6 MPa.
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Fig. 7.   Three-dimensional distribution of bubbles.

  Guo Zhenqi et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 10, P. 144–151 147



content fluctuates from 38% to 45%, and the apparent porosity
vary from 44% to 49%, which reflects the spatial anisotropy of
sediment particles. The calculated volumetric water content is
41.65%, which is slightly higher than 40% calculated in the pre-
paration of the gas-bearing sediment samples. On the one hand,
there is an inevitable fluctuation compared with the overall wa-
ter content because CT image analysis is only accounting for a

small part of the intercepted sediment samples. On the other
hand, it may be that in the process of CT image segmentation,
some light density solid particles show weak absorption to X-ray,
and their gray level may be classified into pore water for ap-
proaching the segmentation threshold. It is also possible that the
CT image analysis is accurate, but there are errors in the acquisi-
tion of geotechnical test parameters. Considering that the differ-
ence between the apparent water content obtained by CT image
and the overall water content of the sample is only 1.65%, it is re-
cognized here that both are reasonable values.

For the number of bubbles, it is more useful to consider the
number of bubbles per unit volume. Taking the sample with gas
reservoir pressure of 2 MPa as an example, the data of each
bubble is extracted accordingly, and the relation between bubble
number and radius in bubble size characteristics is analyzed in
logarithmic coordinates, as shown in Fig. 10. At this time, the fit-
ting Eq. (1) of bubble number and radius can be obtained as fol-
lows:

N = .r − 3.87, (1)

where N is the number of bubbles per unit volume in sediments;
r is equivalent radius of bubble.

4.2  Extraction of apparent gas content parameters
To observe and compare the micro-distribution characterist-

ics of gas-bearing sediments under different gas reservoir pres-
sure, the change of pressure can be further divided into pressure
increasing stage and pressure releasing stage. Figure 11 shows
the gas content obtained by CT scanning images of different posi-
tions in gas-bearing sediments at 0 MPa (i.e., the initial state
of gas injection without pressure) and 2 MPa. The gas content at
2 MPa of each position in the deposit minus that at 0 MPa is ob-
tained so that a more intuitive comparison can be gained.

It can be found that when pressure is increased to 2 MPa for
methane gas, the volume gas content of some sediments inter-
cepted will decrease from 4.97% to 4.63%. The gas content in dif-
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Fig. 8.   Apparent gas content distribution curve.
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Fig. 9.   Apparent water and porosity content distribution curve.
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ferent positions is varied, and the difference is rather large. For
example, the gas content at 0–10 mm is relatively stable, and its
value of change is within 1%, while the gas content at above
10 mm has a relatively significant decrease. The maximum range
of reduction is close to 2%. If the volume gas content is con-
sidered as about 5%, it can be seen that the gas content is remark-
ably affected by the increase of gas injection pressure in the sedi-
ment sample.

4.2.1  Variation of gas content with reservoir pressure
The changes in gas content with the increase of gas reservoir

pressure are compared, as shown in Fig. 12. It can be seen that
the volume of gas content starts to decrease when the pressure is
increased to 2 MPa, while the gas content of sediment samples
increases slightly. At the same time, the changing trend of the gas
at the same position is not consistent, so the bubble does not al-
ways increase in one direction with the increase of gas reservoir
pressure, but there is the role of flow and migration. As a result,
the gas content in different positions may increase or decrease. It
can be found that the apparent gas content of the gas-bearing
sediment sample above 10 mm shows a more severe feature. In
contrast, the initial gas content of this part is not significant com-
pared with the situation at 2 MPa and 6 MPa with the location
analysis. The gas contents at 2 MPa and 6 MPa are shown in
Fig. 13, and the volume of gas content increases by near 1%.

Overall, the sample with high gas content increases less. In con-
trast, the sample with low gas content increases more, which
means that the distribution of volume gas content tends to be
uniform with the position with the increase of gas reservoir pres-
sure.

4.2.2  Microscopic characteristics of pressure relief stage
The microscopic characteristics of the gas reservoir in pres-

sure releasing stage are analyzed. After the pressure is increased
to 6 MPa, the pore water gas pressure is stabilized at a high-pres-
sure value. With gas pressure released to 3 MPa, there is a pres-
sure difference between the upper and lower positions of gas-
bearing sediment samples driving liquid movement. The pres-
sure difference makes the pore water move downward and fill the
pores occupied by the original bubbles. Moreover, the content of
the soil skeleton decreases with pore fluid. Therefore, to change
the sediment reservoir with controlled outgassing, it is necessary
to note the pore pressure changes when releasing the shallow gas
on the seafloor. The reason is that the connected pore water can
easily migrate in the reservoir, and its bulk modulus is much
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Fig. 10.   Relations between bubble number and radius.
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Fig. 11.   Apparent gas content distribution curve under pressure
at 0 MPa and 2 Mpa.
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Fig. 12.   Comparison of gas content changes during pressuriza-
tion.
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Fig. 13.   Comparison of gas content changes between 2 MPa and
6 MPa.
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higher than that of the pore bubble, which may play a leading
role in the microscopic changes of gas-bearing sediments.

4.3  Comparative analysis of bubble characteristics under diffe-
rent pressures
To compare the overall change of bubbles in gas-bearing sed-

iments under the gas reservoir pressure, the number of bubbles
in varied equivalent radius ranges is extracted, as shown in Fig. 14.

The numbers of bubbles with an equivalent radius of less
than 40 μm are mainly small, and the difference is not recogniz-
able anymore in the diagram after 0.3 mm. From the data, the
number is the biggest when there is no gas reservoir pressure,
and the smallest is at 2 MPa. Then with the increase of pressure,

the number of bubbles increases. Due to the accuracy limit of CT,
it is impossible to identify and extract smaller bubbles. The
bubble volume for each equivalent radius range under different
gas reservoir pressures is derived, as shown in Table 2. The gas
contents of different equivalent radius are compared and ana-
lyzed, as shown in Fig. 15. It can be found that the bubble volume
is lower when the equivalent radius is ranged less than 200 μm,
accounting for less than 3%. The most significant difference ap-
pears in the gas volume with the equivalent radius greater than
500 μm. When the pressure of the sediment gas reservoir in-
creases from 0 MPa to 2 MPa, the volume of bubbles whose equi-
valent radius is less than 80 μm increases, but the volume of
bubbles larger than 80 μm decreases. With the equivalent radius
of 80 μm as the borderline, when the pressure of the sediment gas
reservoir increases from 2 MPa to 4 MPa, the bubble volume of
small bubbles decreases, and that of large bubbles increases,
which is in line with the change of bubble number. When the
pressure of the sediment gas reservoir increases from 4 MPa to
6 MPa, the change of bubble volume becomes even more com-
plicated. The bubble volume within 200 μm to 300 μm decreases
and the bubble volume in other ranges changes little or in-
creases. The trend of bubble volume in the pressure releasing
stage is opposite to that of 4 MPa and 6 MPa, and the bubble
volume within 200 μm to 300 μm increases, while the bubble
volume in other ranges changes little or decreases, which may in-
dicate that the bubble with an equivalent radius in the range of
200–300 μm is relatively closed. When the gas reservoir pressure
increases from 4 MPa to 6 MPa, the bubble will be compressed.
When the gas reservoir pressure is released from 6 MPa to 3 MPa,
the bubble radius may increase slightly.

5  Conclusions
The microstructure of gas-bearing sediments was changed

with pressurized gas injection, and the two-dimensional images
obtained by CT testing were reconstructed with image pro-
cessing software Avizo and image J. The internal pores of samples
in different scanning stages are extracted as well. The microscop-
ic characteristics of gas-bearing sediments characterized by CT
images can be analyzed as follows.

(1) The analysis of two-dimensional and three-dimensional
CT images of gas-bearing sediments can intuitively obtain the
micro-distribution of the internal space with no influence on the
sediments. Changing the gas reservoir pressure can be adopted
to vividly compare the changes of a specific component in the
sediments, which shows a better application effect of CT techno-
logy on the study of micro sediment characteristics.

(2) The volume and microscopic information of gas content
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Fig. 14.   Bubble number under varied gas reservoir pressures.

Table 2.   Bubble volume of each equivalent radius range under different gas reservoir pressures (mm3)

Radius range/μm
Reservoir pressures/MPa

0 2 4 6 3

<20 0.064 0.090 0.057 0.058 0.100

20–40 0.304 0.753 0.338 0.497 0.491

40–60 0.545 1.196 0.650 0.931 0.549

60–80 1.067 1.288 1.131 1.211 0.888

80–100 2.000 1.384 1.491 1.718 1.392

100–200 22.302 7.574 8.933 10.096 9.137

200–300 24.447 5.450 11.176 9.535 11.389

300–400 16.269 7.115 10.188 13.503 11.609

400–500 12.142 6.988 9.849 9.482 9.945

>500 120.636 160.066 157.064 188.412 174.696

Summary 199.776 191.905 200.877 235.442 220.196
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Fig. 15.   Bubble volume under different gas reservoir pressures.
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change can be obtained by analyzing the gas content proportion
in CT images at different positions of the sample. Even if the gas
content in the reservoir deviates slightly, its changes can be
measured more accurately than that of the liquid content.

(3) The number of bubbles decreases with the increase in ra-
dius. Under different gas reservoir pressures, the relations may
change to some extent, and the effect of pressure release is par-
ticularly significant. The results show that the bubble volume of
the sediment is different from that of other gas reservoirs with no
pressure, indicating that the pressure released after sampling and
measurement has a significant impact on the microscopic char-
acteristics.

(4) The number and volume of bubbles in diverse equivalent
radius ranges will change regularly under different gas reservoir
pressure. Overall, with the increase of gas reservoir pressure, the
number and volume of small bubbles decrease, while large
bubbles increase. Based on the proposed reconstruction model
of gas bearing soil under different gas reservoir pressures, it can
be used to analyze the practical engineering problems in coastal
shallow gas bearing strata, and provide experimental support for
the safety research of gas bearing soil in marine engineering con-
struction.
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