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Abstract: Marine sediment is an important channel for methane leakage from the earth interior
to the atmosphere. The investigation of gas invasion in fine-grained marine sediments is of great
theoretical and practical significance in marine science and engineering. To study the mechanical
mechanisms of fine-grained marine sediments subjected to shallow gas invasion, a gas injection
test with a self-developed experimental apparatus was performed, and the gas invasion behavior
was investigated. The results showed that the behavior of gas invasion in fine-grained sediments
can be divided into different phases; the fracturing direction β gradually changes from vertical to
horizontal, and finally fractures along the roof. Based on the 2D undrained elliptical cavity model and
the tensile strength of sediments, considering both tensile and shear failure modes, a discrimination
criteria of gas invasion was proposed. It revealed that gas invasion gradually changes from shear
failure to tensile failure, and the fracturing angle θ predicted by the criteria is consistent with the
experimental phenomenon.

Keywords: fine-grained marine sediment; shallow gas; invasion mode; micro-mechanical mechanism

1. Introduction

Existing studies and investigations have indicated that there is a wide range of shallow
gas seepage on the seabed [1]. Marine sediments act as the inevitable passage, through
which gas seeps into the atmosphere [2]. Gas seepage not only forms many special sub-
marine geomorphologies and geological structures (such as pockmark, gas chimney, mud
volcano, etc.) [3–5], but also causes geological disasters, and even seriously threatens the
safety of offshore structures [6–8]. It is of great significance to study the mechanical mecha-
nisms of gas invasion in marine sediments, since it is conducive to clarify the occurrence
characteristics of shallow gas, reveal the disaster mechanisms and prevent disasters in
marine engineering [9,10].

Jain and Juanes [11] pointed out that the behavior of gas invasion in sediments is
jointly controlled by capillary force and the strength of sediments, which can be divided
into two modes [12], as shown in Figure 1:

(1) Capillary invasion: the gas invades into sediments along the pore space and displaces
pore water with no skeleton deformation of the sediments [13].

(2) Fracturing invasion: particles are displaced to form a crack, and the gas continues
to invade into the sediments along the crack, causing significant sediment skeleton
deformation [14,15].

The particle size of sediments is an important factor in determining the gas invasion
modes [16]. Since particle size is positively correlated with the capillary invasion pressure
pc, coarse-grained sediments have smaller pc and are prone to exhibit capillary invasion,
while fine-grained sediments have larger pc and are prone to exhibit fracturing invasion.
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first time that capillary invasion mainly occurs in the coarse-grain sediments, while frac-
turing invasion mainly occurs in the fine-grain sediments. Wang et al. [18] captured the 
entire process of capillary and fracturing invasion by scanning the different gas injection 
phases with a high-precision industrial CT. As shown in Figure 2, red area represents soil 
mass, while blue area represents gas bubbles. In the case of capillary invasion, the bubbles 
appeared to be diffused, while in the case of fracturing invasion, the cracks develop diag-
onally upward along the bubble surface. 
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At present, a number of studies have been conducted to explore the mechanical 
mechanism of gas capillary invasion in the coarse-grained sediments; meanwhile, gas 
fracturing invasions in the fine-grained sediments have not been investigated in-depth. 

The gas fracturing invasion mode is mainly determined by the strength of sediments 
[19]. Researchers have considered different failure modes of sediment mass and put for-
ward a series of invasion pressure formulas according to different theories [20]. Several 
researchers suggested that tensile failure is the cause of fracturing (Bjerrum et al. [21], 
Decker and Clemence [22], Jaworski et al. [23], Fukushima [24], Lo and Kaniaru [25], An-
dersen et al. [26], Medeiros and Moffat [27]), while others suggested that shear failure is 
the cause (Mori and Tamura [28], Panah and Yanagisawa [29], Yanagisawa and Panah 
[30], Atkinson et al. [31], and Zervos et al. [32]). Jaworski et al. [23] proposed that gas 
fracturing invasion in sediments is caused by tensile failure, and they considered the in-
fluence of confining pressure and other factors on the tensile failure process. Mitchell and 

Figure 1. Schematic diagram of two modes of gas invasion in sediments.

Choi et al. [17] performed gas injection tests on two sediments with different particle
sizes; using a combination of X-ray scanning technologies (CT), they confirmed for the first
time that capillary invasion mainly occurs in the coarse-grain sediments, while fracturing
invasion mainly occurs in the fine-grain sediments. Wang et al. [18] captured the entire
process of capillary and fracturing invasion by scanning the different gas injection phases
with a high-precision industrial CT. As shown in Figure 2, red area represents soil mass,
while blue area represents gas bubbles. In the case of capillary invasion, the bubbles
appeared to be diffused, while in the case of fracturing invasion, the cracks develop
diagonally upward along the bubble surface.
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At present, a number of studies have been conducted to explore the mechanical
mechanism of gas capillary invasion in the coarse-grained sediments; meanwhile, gas
fracturing invasions in the fine-grained sediments have not been investigated in-depth.

The gas fracturing invasion mode is mainly determined by the strength of sedi-
ments [19]. Researchers have considered different failure modes of sediment mass and put
forward a series of invasion pressure formulas according to different theories [20]. Several
researchers suggested that tensile failure is the cause of fracturing (Bjerrum et al. [21],
Decker and Clemence [22], Jaworski et al. [23], Fukushima [24], Lo and Kaniaru [25], An-
dersen et al. [26], Medeiros and Moffat [27]), while others suggested that shear failure is
the cause (Mori and Tamura [28], Panah and Yanagisawa [29], Yanagisawa and Panah [30],
Atkinson et al. [31], and Zervos et al. [32]). Jaworski et al. [23] proposed that gas fracturing
invasion in sediments is caused by tensile failure, and they considered the influence of
confining pressure and other factors on the tensile failure process. Mitchell and Soga [33]
also suggested that gas fracturing invasion is caused by tensile failure, and the minimum
effective principal stress σ3′ obtained from the circular cavity expansion theory was used
as the criterion. When σ3′ is manifested as tensile stress and its value exceeds the effective
tensile strength σt’, then failure occurs. Soga et al. [34] suggested that shear failure could
occur before tensile failure, and they took the ultimate cavity expansion pressure proposed
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by Vesic [35] based on the cylindrical cavity expansion theory of linearly elastic isotropic
sediment as the criterion of gas fracturing invasion.

Experimental studies have found that the gas fracturing invasion pressure is often
lower than the ultimate cavity expansion pressure. Panah and Yanagisawa [29] improved
the previous work and took the yield stress obtained from the cavity expansion theory as the
criterion, assuming that the radius differed before and after cavity expansion and existed
under the condition of no drainage. Soga et al. [34] proposed that, in the process of cavity
expansion, due to the deformation of plastic zone, the cavity is in an unstable state, which
leads to the generation of tensile stress at microcracks. Therefore, fracturing invasions
caused by shear failure are actually caused by tensile failure. Daigle [36] proposed a simpler
method to determine the tensile strength of sediments based on Hoek and Brown’s failure
criterion [37]. From above, previous studies mainly focused on a single failure mode to
propose the criterion of gas fracturing invasion. In fact, gas invading upward along a crack
until the breakthrough is a continuously changing process, with different behaviors in
different phases [38]; therefore, there are limitations to describing the process with reference
to a single failure mode.

In light of the aforementioned issues, this work aims to investigate the behavior
of the gas invasion in fine-grained marine sediments and put forward a criteria of gas
invasion corresponding to the different phases of experimental phenomena. Based on the
gas injection test in fine-grained sediments conducted with a self-designed test apparatus,
the gas invasion behaviors were observed. Considering the different failure modes of
sediments under tensile and shear conditions, a criteria of gas invasion was proposed, and
the predicted results were compared with the experimental phenomena.

2. Materials and Methods
2.1. Test Materials

In order to eliminate the interference of chemical composition, considering the influ-
ence of particle size on gas invasion modes in sediments, the tested fine-grained materials
were made of silica powder, and their main chemical composition was SiO2; the composi-
tion of the silica power is shown in Table 1.

Table 1. The composition of silica powder.

SiO2/% TiO2/% Al2O3/% CaO/% Fe2O3/%

99.5 0.01 0.39 0.01 0.09

The particle size distribution curve of silica powder was determined using a laser
diffraction apparatus (Mastersizer 3000, malvern panalytical, Malvern, UK). As shown in
Figure 3, the particle size of silica powder is mainly in the range of 10–100 µm, the median
particle size (D50) is 17 µm, and the maximum particle size is 517 µm.

It can be seen from Figure 3 that the particles smaller than 0.075 mm account for more
than 50% of the total particles; so it can be classified as a fine-grained sediment. In addition,
as can be seen from Table 2, the liquid limit is 35.5% (less than 50%), and the plasticity index
is below the A-line of plasticity chart. According to the Unified Soil Classification System
(USCS) [39], the sediments can therefore be classified as silt.

Table 2. Physical properties parameters of silica powder.

Liquid Limit (%) Plastic Limit (%) Plasticity Index

35.5 24.7 10.8



J. Mar. Sci. Eng. 2023, 11, 822 4 of 16J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 3. Particle size distribution of silica powder. 

Table 2. Physical properties parameters of silica powder. 

Liquid Limit (%) Plastic Limit (%) Plasticity Index 
35.5 24.7 10.8 

2.2. Test Apparatus 
In order to analyze the gas invasion behaviors in fine-grained marine sediments, a 

novel experimental apparatus was developed, as shown in Figure 4, which was composed 
of three parts: a model box, a pneumatic loading measuring system, and a visual image 
acquisition system. Gas can be continuously injected into the sediments through an injec-
tion hole; with the combination of visualization method, the evolution characteristics of 
gas invasion behavior were observed. The main components of the test apparatus are in-
troduced as follows. 

 
Figure 4. Schematic diagram of the test procedure for shallow gas invasion in fine-grained marine 
sediments. 

Figure 3. Particle size distribution of silica powder.

2.2. Test Apparatus

In order to analyze the gas invasion behaviors in fine-grained marine sediments, a
novel experimental apparatus was developed, as shown in Figure 4, which was composed
of three parts: a model box, a pneumatic loading measuring system, and a visual image
acquisition system. Gas can be continuously injected into the sediments through an in-
jection hole; with the combination of visualization method, the evolution characteristics
of gas invasion behavior were observed. The main components of the test apparatus are
introduced as follows.
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2.2.1. Model Box

The model box used in the test was designed as square slot, which was mainly made
of plexiglass plate. The net size inside the model box is 25 cm × 3.5 cm × 20 cm. In order
to prevent gas invading along the bottom surface of the model box, forcing gas to invade
into the sediments upward, and to obtain a complete image of gas invasion behavior, it is
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necessary to place the injection hole within the height range of 1/5–1/3 sediments from the
bottom. Therefore, a duck nozzle with a height of 4 cm, a length of 3.5 cm, and a width of
1 mm was connected to the upper end of the bottom plate. The duck nozzle was placed
close to the front and back of the model box and perpendicular to the length direction of
the bottom plate.

The particle size effect needs to be considered in relation to the size of the model box.
Only when the size of model box is much larger than the particle size can the sediments be
considered to satisfy the assumption of continuity and uniformity. Otherwise, the particle
size effect could affect the test results [40]. Criag [41] suggested that the particle size effect
could be eliminated when the ratio of the model box size to the particle size exceeded
40; Xu [42] contended that the particle size effect could be eliminated when the ratio of
the model box size to the particle size exceeded 30; and Kusakabe [43] believed that the
particle size effect could be essentially eliminated when the ratio of the model box size to
the particle size exceeded 100. As the median particle size D50 of the test material selected
in Section 2.1 is 17 µm, and the minimum net size of the model box is 3.5 cm (it is more
than 200 times D50), the particle size effect can be eliminated in this work.

2.2.2. Pneumatic Loading Measuring System

The pneumatic loading measuring system comprised three parts: an air source, a
regulating valve, and a barometer. Although the main component of shallow gas is methane,
in order to ensure safety in the laboratory environment, nitrogen gas was selected in the
test, since methane and nitrogen are both non-polar molecules, both of which are insoluble
in water and do not differ significantly in terms of molecular weight and viscosity. At the
same time, in order to ensure the stability of injection gas pressure, a high-purity nitrogen
cylinder was used as the gas source. The regulating valve used in the test has a set pressure
range of 0.005–0.2 MPa, and its sensitivity can be controlled within 0.2%, which meets the
requirement of pressure control. The measuring range of the barometer used in the test is
0–100 kPa and its measuring accuracy is 0.01 kPa.

2.2.3. Visual Image Acquisition System

The visual image acquisition system included a camera and a light source. The camera
is a Canon 5D MARK II with 21.1 million effective pixels and a frame rate of 25. The camera
was placed directly in front of the model box in a vertical direction. The image included
the whole sample length and height range. At the same time, in order to obtain a better
image effect during the shooting process, an LED light source was set directly above the
camera 30 cm away from the model box and shined vertically on the front of model box.

2.3. Test Methods

The test procedures mainly involve the sample preparation, saturation and consolida-
tion, and the gas injection test, as follows:

2.3.1. Sample Preparation

Before loading the sample, clean the impurities inside the model box to obtain a better
visualization image, and clean the pipeline. Weigh the air-dried silica powder and fill the
model box with it. Set the total height of the sample as 15 cm, and load the silica powder
into the model box five times according to the deposition method. Before filling the next
layer, the current layer surface of sample should be shaved. If the sample height exceeds
the preset height, use tools to tamp until the sample height matches the target height.
If the sample height is less than the target height, reinstall the sample until the sample
height meets the target height to ensure the uniformity of sample. In the process of sample
preparation, special attention should be paid to not touching the injection hole to prevent
damaging it. After filling the model box with the sample, filter paper and permeable stone
with the same size in length and width as the model box were placed on top of the sample
to ensure it is not disturbed in subsequent process of saturation and consolidation.
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2.3.2. Saturation and Consolidation

Vacuum extraction: as shown in Figure 5, keeping the injection hole open, put the
model box into a vacuum chamber, which was connected to the pump. Then, close the pipe
clamp, and perform the vacuum extraction. The pump-down time should not be less than
2 h. It is worth noting that the water inlet should not be placed directly above the model
box to reduce disturbance to the sample.
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Saturation and consolidation: as shown in Figure 6, the distilled water was prepared
in advance, then it was injected into the vacuum chamber after the vacuum extraction was
completed. When the liquid level in the vacuum chamber was close to the top surface of
the model box, the rate needed to be slowed down to ensure that the water continued to
flow into the sample from the top surface of the model box at a slow speed, so as to reduce
disturbance to the sample. At this time, the distilled water entered into the sample either
through the injection hole and the top of model box. The consolidation time should not be
less than 24 h, to ensure the full saturation of sample.
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2.3.3. Gas Injection Test

The model box was placed on the horizontal platform, and the injection hole, the
regulating valve, the barometer, and the air source were connected through the pipeline.
Check the air tightness of the device, keep the injection hole closed, open the air source,
and adjust the regulating valve. If the barometer maintains a constant pressure value, the
air tightness of the device is good. If the barometer cannot maintain a pressure value, and
the pressure value is declining, and the air tightness of the whole device should be checked
before the subsequent gas injection test is carried out.
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Keep the injection hole closed, open the air source, and set the initial gas pressure
to 2 kPa due to the water head height of 20 cm. Keeping the injection hole open, the
gas-liquid interface in the pipeline receded at the beginning; then, adjust the regulating
valve and allow the gas pressure to increase by increments of 0.5 kPa, until the gas-liquid
interface slowly pushed forward, indicating that the gas was constantly invading. Record
the gas pressure as ug. The whole process whereby the gas invaded into the sediments was
recorded by the camera.

After the gas injection test, the video software “Adobe Premiere” was used to analyze
and screen the typical phase behaviors of the gas invasion in sediments frame by frame,
while “ImageJ” software was used to process the figures obtained from the experiment.

3. Results and Discussion
3.1. Test Phenomenon Analysis

According to the visual image acquisition system described in Section 2.2.3, the behav-
ior of gas invasion in fine-grained sediments was analyzed. It is worth noting that the gas
injection test was repeated for five times, and the experimental phenomena obtained from
these tests almost have no significant differences. As shown in Figure 7, gas mainly invades
into the fine-grained sediments in the form of fracturing invasion. Here, the fracturing
direction β is defined as the angle between the long axis direction of the crack and the
vertical direction. Therefore, the behavior of gas fracturing invasion can be divided into
four phases:

(1) Phase I

As shown in Figure 7a, after gas accumulated into a circular bubble with a radius of
0.1 cm at the location of injection hole, it symmetrically fractured the sediments along the
upper left and upper right directions from the position of injection hole. The fracturing
direction β ≈ 30◦ is indicated by the red arrow in Figure 7a. At this time, the length of
the crack along the fracturing direction kept increasing. Along the vertical fracturing
direction, the length far exceeded the width, but the width essentially showed no increase.
Specifically, the crack resembled a pancake, with β ≈ 30◦.

(2) Phase II

When the length of crack continued to increase along the fracturing direction of phase
I, it reached about 1 cm, but the width remained at about 0.1 cm, the gas began to fracture
fine-grained sediments along the upper right direction; the fracturing direction β ≈ 60◦ is
indicated by red arrow in Figure 7b. At this time, both the length and width of the crack
increased synchronically. Specifically, the crack resembled a disk, with β ≈ 60◦.

(3) Phase III

The length of crack continued to increase along the fracturing direction of phase
II, and the width also increased synchronously; when the length of the cracks reached
about 5 cm and the width reached about 0.2 cm, gas began to fracture the sediments along
the horizontal direction; the fracturing direction β ≈ 90◦ is indicated by the red circle in
Figure 7c. As the case in phase II, the length and width of the crack further increased, and
the crack resembled a disk, with β ≈ 90◦.

(4) Phase IV

The length of the crack continued to increase along the fracturing direction of phase III,
and the width also increased simultaneously. When the length of crack reached about
11.5 cm and the width reached about 2.5 cm, the gas began to fracture sediments along
the upper right direction (the fracturing direction β ≈ 10◦ is indicated by the red arrow in
Figure 7d) until the gas completely fractured sediments.
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3.2. The Criteria for Fracturing Invasion

As shown in Figure 7, the behavior of gas invasion in fine-grained sediments mainly
takes the form of fracturing invasion; it is observed that, during the process of fracturing
invasion, the fracture direction β continuously transitions from vertical to horizontal until
the crack develops to a certain extent along the horizontal direction, and further fractures
along the top of crack.

As mentioned above, previous studies focused on the single tensile or shear failure
mode to propose the criterion of gas fracturing invasion, which has difficulty in reasonably
explaining the whole process of fracturing invasion. Therefore, based on the stress state
of the cavity boundary and the strength of sediments, considering the different failure
modes of sediments under tensile and shear conditions, the following criteria for fracturing
invasion are proposed in Equation (1):

σmin
σt
≥ 1, σmin ≤ 0, tensile failure

q
2su
≥ 1, σmin > 0, shear failure

(1)

where σmin and su are the minimum principal stress and undrained strength at the bubble
boundary, respectively. According to Equation (1), the value calculated by Equation (1)
is dimensionless, if σmin is negative, the sediment is tensioned. It is stated that, if σmin
exceeds the tensile strength σt of the sediment, the sediment mass suffers tensile failure. If
σmin is positive, then the sediment mass is compressed. It is further stated that, when the
deviator stress q exceeds two times su, the sediment mass suffers the shear failure.

σmin and su shown in Equation (1) can be obtained by solving the undrained compres-
sion problem of the 2D elliptic cavity. As shown in Figure 8, the bubble is idealized as
an elliptical cavity with the horizontal axis radius a and vertical axis radius c existing in
anisotropic saturated matrix. The saturated matrix is subjected to a vertical load σv and
horizontal load σh on its external surface and a uniform gas pressure ug on the internal
surface of the bubble.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 10 of 16 
 

 

  
(a) elliptical cavity contraction in the phys-

ical plane (z-plane) 
(b) circular cavity contraction in the phase 

plane (ξ-plane) 

Figure 8. Schematic diagram of 2D undrained elliptical bubble contraction(redrawn from [44]). 

Using the conformal mapping technique, the stress around an elliptic cavity in the 
physical plane can be transformed by available solutions for stresses near a circular cavity 
in the phase plane (i.e., ρ-θ plane, where ρ radius of the circular bubble and θ the angle 
between the ζ axis and ρ axis). 

The stresses around a circular cavity within an anisotropically stressed elastic mate-
rial in the phase plane have been derived by Muskhelishvili [45] (circumference stress σρ, 
radial stress σθ, tangential stress τρθ), as shown below: 

2 2 2

2 2 2
1 2 2cos2 1 2 2cos2 1 3 2 cos2

1 2 cos2 1 2 cos2 1 2 cos2θ υ h g
m m θ m m θ m mσ σ σ u
m m θ m m θ m m θ

− − + − + − − += + −
+ − + − + −

(2)

ρ gσ u=   (3)

0ρθτ =   (4)

where σρ is obtained via the superposition resulting from the vertical and horizontal ex-
ternal stresses (σv and σh) and the internal stress applied to the cavity (ug). m is a function 
of the horizontal axis and vertical axis radius (a and c), as formulated in Equation (5): 

( ) ( )/m a c a c= − +   (5)

Based on Equation (2) to Equation (4), the minimum principal stress σmin and the un-
drained shear strength su around the elliptical cavities can be determined by the following 
equations: 

2
2

min

2 2 2

2 2 2

2 2 2

2 2

2 2
1 1 2 2cos 2 1 2 2cos 2 1 3 2 cos 2
2 1 2 cos 2 1 2 cos 2 1 2 cos 2

1 1 2 2cos 2 1 2 2cos 2 1 3 2
2 1 2 cos 2 1 2 cos 2

ρ θ ρ θ
ρθ

g υ h g

g υ h g

σ σ σ σ
σ τ

m m θ m m θ m m θu σ σ u
m m θ m m θ m m θ

m m θ m m θ mu σ σ u
m m θ m m θ

+ − 
= − + 

 
 − − + − + − − += + + − + − + − + − 

− − + − + − − +− − − +
+ − + −

2

2
cos 2

1 2 cos 2
m θ

m m θ
 
 + − 

  (6)

Figure 8. Schematic diagram of 2D undrained elliptical bubble contraction(redrawn from [44]).

Using the conformal mapping technique, the stress around an elliptic cavity in the
physical plane can be transformed by available solutions for stresses near a circular cavity
in the phase plane (i.e., ρ-θ plane, where ρ radius of the circular bubble and θ the angle
between the ζ axis and ρ axis).
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The stresses around a circular cavity within an anisotropically stressed elastic material
in the phase plane have been derived by Muskhelishvili [45] (circumference stress σρ, radial
stress σθ , tangential stress τρθ), as shown below:

σθ = συ
1−m2 − 2m + 2 cos 2θ

1 + m2 − 2m cos 2θ
+ σh

1−m2 + 2m− 2 cos 2θ

1 + m2 − 2m cos 2θ
− ug

1− 3m2 + 2m cos 2θ

1 + m2 − 2m cos 2θ
(2)

σρ = ug (3)

τρθ = 0 (4)

where σρ is obtained via the superposition resulting from the vertical and horizontal
external stresses (σv and σh) and the internal stress applied to the cavity (ug). m is a function
of the horizontal axis and vertical axis radius (a and c), as formulated in Equation (5):

m = (a− c)/(a + c) (5)

Based on Equation (2) to Equation (4), the minimum principal stress σmin and the
undrained shear strength su around the elliptical cavities can be determined by the follow-
ing equations:

σmin =
σρ+σθ

2 −
√(

σρ−σθ

2

)2
+ τρθ

2

= 1
2

(
ug + συ

1−m2−2m+2 cos 2θ
1+m2−2m cos 2θ

+ σh
1−m2+2m−2 cos 2θ

1+m2−2m cos 2θ
− ug

1−3m2+2m cos 2θ
1+m2−2m cos 2θ

)
− 1

2

√(
ug − συ

1−m2−2m+2 cos 2θ
1+m2−2m cos 2θ

− σh
1−m2+2m−2 cos 2θ

1+m2−2m cos 2θ
+ ug

1−3m2+2m cos 2θ
1+m2−2m cos 2θ

)2

(6)

su =

√(
σρ−σθ

2

)2
+ τρθ

2

= 1
2

√(
ug − συ

1−m2−2m+2 cos 2θ
1+m2−2m cos 2θ

− σh
1−m2+2m−2 cos 2θ

1+m2−2m cos 2θ
+ ug

1−3m2+2m cos 2θ
1+m2−2m cos 2θ

)2
(7)

σt = e
KIC√

πd
(8)

where σt is the tensile strength of the sediment mass, which is defined by Johnson [46] with
the theory of LEFM (linear elastic fracture mechanics) shown in Equation (8), and KIC is
the fracture toughness of the sediment. Since the test material is classified as silt, referring
to the fracture toughness result of silt measured by Zhang [47] based on a gas injection
test, the selected KIC value is 150 Pa·m0.5, which is consistent with the result measured
by Barry [48] through an in situ test. d is the half-length of the crack, that is, half of the
larger value of a or c, and e is a geometrically dependent coefficient. As the shape of the
bubbles is oblate or oblong according to the acoustic and CT testing methods, the geometric
parameter e = π/2.

3.3. Mechanism of Fracturing Invasion

According to the damage discrimination criteria of gas invasion detailed in Equa-
tion (1), the failure modes of invasion in different phases in Figure 7 can be analyzed.
Figures 9a, 10a, 11a and 12a show the distribution curves of σmin at the boundary of the
elliptic cavity during different phases of the gas fracturing invasion, as obtained from
Equation (6). If σmin is positive, it represents compression, while a negative σmin represents
tension. The horizontal coordinate θ represents the angle between any point on the bound-
ary of the elliptical cavity and the vertical direction, θ = 0◦ corresponds to the position
of the roof, while θ = 90◦ corresponds to the equatorial position. Figures 9b, 10b, 11b
and 12b show the strength distribution curve at the boundary of the elliptic cavity from
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Equation (1). When the value exceeds 1, it means that sediments suffer failure. Combined
with the positive or negative values of σmin, the failure mode can be determined as shear
failure or tensile failure.
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Figure 12. Phase IV (β ≈ 10◦). (a) Distribution of minimum principal stress; (b) distribution
of strength.

(1) Phase I

As shown in Figure 7a, gas accumulated into a circular bubble with a radius of 0.1 cm
at the injection hole position; therefore, a = c = 0.1 cm was substituted to obtain the result.

According to Figure 9a, it can be found that σmin indicates both compressive stress
and tensile stress on the boundary of entire elliptic cavity. In the vertical direction near
the roof (θ < 58◦), σmin is positive and manifests as compressive stress, and in the position
of roof (θ < 30◦), the compressive stress reaches the maximum value. In the horizontal
direction near the equator (θ > 58◦), σmin is negative, which manifests as tensile stress; at
the equator, the tensile stress reaches the maximum. This means that the sediments are
compressed near the roof and tensioned near the equator.

According to Figure 9b, the strength distribution value exceeds 1 only at θ = 30◦.
Combined with the positive or negative values of σmin in Figure 9a, it indicates that the
shear failure occurs at θ = 30◦, while the other positions do not suffer failure, which
corresponds to the behavior of gas fracturing invasion in phase I (β ≈ 30◦) shown in
Figure 7a.

(2) Phase II

As shown in Figure 7b, the length of the crack reached about 1 cm, and the width of
the crack remained about 0.1 cm. Considering the direction of the long axis of the elliptic
cavity, a = 0.1 cm, c = 1 cm were substituted to obtain the result.

According to Figure 10a, similarly to phase I, σmin indicates both compressive stress
and tensile stress on the boundary of the elliptical cavity. In the vertical direction near the
roof (θ < 76◦), σmin is positive and manifests as compressive stress; meanwhile, in the roof
position (θ < 65◦), the compressive stress reaches the maximum value. In the horizontal
direction near the equator (θ > 76◦), σmin is negative and manifests as tensile stress, and the
tensile stress reaches the maximum at the equator. This means that the sediment mass is
compressed near the roof and tensioned near the equator.

Compared with phase I, the range of minimum principal compressive stress in phase II
is wider, but the value is basically unchanged; meanwhile, the range of minimum principal
tensile stress is narrower, and the value is obviously increased, which indicates that tensile
failure may occur.

According to Figure 10b, it can be deduced that the areas with a strength distribution
value exceeding 1 are mainly located near θ = 65◦ and θ = 90◦, and the former is larger.
Combined with the positive or negative values of σmin in Figure 10a, it indicates that shear
failure occurs near θ = 65◦, which corresponds to the behavior of gas fracturing invasion in
phase II (β ≈ 60◦) shown in Figure 7b.
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(3) Phase III

As shown in Figure 7c, the length of the crack reached about 5 cm, and the width of
the crack reached about 0.2 cm. Considering the direction of the long axis of the elliptic
cavity, a = 0.2 cm, c = 5 cm were substituted to obtain the result.

According to Figure 11a, similarly to phase II, σmin indicates both compressive stress
and tensile stress on the boundary of the elliptic cavity. In the vertical direction near the roof
(θ < 83◦), σmin is positive and manifests as compressive stress; meanwhile, in the position
of roof (θ < 77◦), the compressive stress reaches the maximum value. In the horizontal
direction near the equator (θ > 83◦), σmin is negative and manifests as tensile stress; at the
equator, the tensile stress reaches the maximum. This means that the sediment mass is
compressed near the roof and tensioned near the equator.

Compared with phase II, the range of minimum principal compressive stress is wider
in phase III, but the value is basically unchanged; meanwhile, the range of minimum
principal tensile stress is narrower, and the corresponding value is further increased, which
indicates that tensile failure may occur.

According to Figure 11b, the areas with strength distribution values exceeding 1 are
mainly concentrated near θ = 76◦ and θ = 90◦, while the latter is larger. Combined with
the positive or negative values of σmin in Figure 11a, the result indicates that tensile failure
occurs near θ = 90◦, which corresponds to the behavior of gas fracturing invasion in phase
III (β ≈ 90◦), as shown in Figure 7c.

(4) Phase IV

As shown in Figure 7d, the length of the crack reached about 11.5 cm, and the width
of the crack reached about 2.5 cm. Considering the direction of the long axis of the elliptic
cavity, a = 11.5 cm, c = 2.5 cm were substituted to obtain the result.

According to Figure 12a, it can be deduced that σmin indicates both compressive stress
and tensile stress on the boundary of the entire elliptic cavity. In the vertical direction near
the roof (θ < 30◦), σmin is negative and manifests as tensile stress, and in the roof position
(θ = 0◦), tensile stress reaches the maximum. Meanwhile, in the horizontal direction near the
equator (θ > 30◦), σmin is positive and manifests as compressive stress, and in the equator
position (θ = 90◦), the tensile stress reaches the maximum. It means that the sediment
mass is tensioned near the roof and compressed near the equator, which is the opposite of
phase III.

According to Figure 12b, the areas with strength distribution values exceeding 1 are
mainly concentrated around the roof of 0◦ < θ < 20◦. Combined with the positive or negative
values of σmin in Figure 12a, this finding indicates that tensile failure occurs around the roof
of 0◦ < θ < 20◦, which corresponds to the behavior of gas fracturing invasion in phase IV
(β ≈ 10◦) in Figure 7d.

4. Conclusions

In this work, the gas injection test was performed on fine-grained sediments using a
self-developed experimental apparatus to observe the behavior of gas invasion and study
the mechanical mechanisms of sediments subjected to shallow gas invasion. The following
conclusions can be drawn:

(1) Gas mainly invaded into the fine-grained sediments in the form of fracturing invasion,
and the behavior of gas fracturing invasion can be divided into four phases, in which
the fracture direction β continuously transitions from vertical to horizontal. In phase
I, the length of the crack far exceeds the width, with the fracturing direction close
to the vertical direction; in phase II, both the length and width of the crack increase
synchronically, and the fracturing direction develops horizontally; in phase III, the
length and width of the crack further increase, with the fracturing direction close to
the horizontal direction; in phase IV, the crack develops to a certain extent along the
horizontal direction, and gas further fractures along the top of crack.
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(2) The behavior of gas fracturing invasion in fine-grained sediments is controlled by
both tensile and shear failure. Based on the 2D undrained elliptic cavity model and
the tensile strength of sediments, an identification criterion for gas fracturing invasion
was proposed; by combining the area with a strength distribution value exceeding 1
and positive or negative values of σmin, the failure mode can be determined as shear
failure or tensile failure.

(3) Based on the identification criteria, the micro-mechanical mechanisms of fine-grained
sediments subjected to gas invasion across four phases were revealed. In phase I, the
shear failure occurred at θ ≈ 30◦; in phase II, the shear failure occurred near θ ≈ 65◦;
in phase III, the tensile failure occurred near θ ≈ 90◦; in phase IV, the tensile failure
occurred around the roof of 0◦ < θ < 20◦. This means that gas invasion gradually
changes from shear failure to tensile failure. In addition, the fracturing angle θ
predicted by the criteria was consistent with the fracturing direction β, which verifies
the feasibility of the identification criteria.
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