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Abstract: Ground disturbance and deformation caused by a controlled gas release prior to engineering construction are commonly encountered geotechnical and geoenvironmental problems in shallow gas geology areas. In this work, typical characteristics of shallow gas geology
and gas-charged sand in the Hangzhou Bay of China are analyzed. It is found that the occurrence conﬁguration feature of sand in the shallow
gas enrichment zone of reservoirs is similar to that of the common unsaturated soil, but its pore gas pressure is several times larger than the
atmospheric pressure. The effect of the suction history on the deformation characteristics of sand is investigated by triaxial simulation tests
using the Global Digital System (GDS). The deformation of reservoir sand caused solely by the suction reduction in the process of gas release
is negligible, and the main deformation is attributed to the increasing net mean stress arising from the gas pressure reduction in the reservoir.
Based on the ﬁndings from the triaxial tests, a simpliﬁed constitutive model for the gas-charged sand under the special stress path of gas release
is developed to describe its deformation behaviors. Then, combined with the two-phase ﬂow equation of incompatible ﬂuid seepage, the proposed model is applied to the three-phase soil-water-gas–coupled analysis of a typical gas-bearing ground with a gas exhaust shaft. The numerical results match the ﬁeld monitoring data well. Thus, the proposed method can be used to quantitatively evaluate the geoenvironmental
effect of an engineered gas release on existing adjacent structures in shallow gas regions. DOI: 10.1061/(ASCE)GM.1943-5622.0001029.
© 2017 American Society of Civil Engineers.
Author keywords: Shallow gas; Sediments; Gas-charged sand; Gassy soil; Two-phase ﬂow; Ground deformation.

Introduction
Shallow gas-bearing sediments have been reported to be an adverse
geological factor for slope stability, energy exploration, waste
management, and offshore engineering (Feng and Ji 2006; Tjelta
et al. 2007; Mazumdar et al. 2009; Mabrouk and Rowe 2011).
Figs. 1(a and b) are, for instance, the scenes of gas eruption and
combustion encountered in the construction of the Hangzhou Bay
Bridge and the Hangzhou subway in China, respectively. In these
examples, the gas belonging to a typical primary methane biogas
(Chen et al. 2004) was buried shallowly (the roof of gas layers is
located 25–28 m below the ground) and mainly accumulated in
uncemented sand lenses. The original gas pressure of reservoirs
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could be up to 0.5–0.6 MPa and cause signiﬁcant hazards during
engineering construction in the Hangzhou Bay of China.
The interest in geology and geohazards of gas-bearing soil has
been growing in the last several decades (Thomas et al. 1976;
Anderson and William 1990; Richardson and Davis 1998; Fleischer
et al. 2001; Khave 2013). The effect of free gas on the acoustic characteristics, consolidation, and strength properties of soils and sediments have been discussed (Anderson and Hampton 1980;
Sobkowicz and Morgenstern 1984; Sills and Wheeler 1992; Grozic
et al. 1999; Diez et al. 2007; Rebata-Landa and Santamarina 2012;
Sultan et al. 2012). However, these studies mainly focused on the
marine gas-charged sediment soil with an original state in which the
gas phase is discontinuous and in the form of isolated bubbles
within the continuous pore-water phase. In fact, gas-charged soils
in nature distribute not only in marine seabeds but also in terrestrial
sedimentary environments (Fleischer et al. 2001; Fourie et al.
2001). In addition, based on their different forming environments,
gas-charged soils have multiple original gas-ﬂuid-particle occurrence conﬁgurations, which determine their distinctive properties.
The shallow gas-charged sand in Hangzhou Bay has an occurrence conﬁguration different from general marine gassy sediments
(Jiang et al. 1997; Lin et al. 2009). The sand is a balanced product of
the overlying seal clay, pore water, pressure gas, and temperature,
coexisting in a metastable equilibrium state. It is so vulnerable that
any natural or artiﬁcial disturbance could easily induce catastrophic
failures of engineering constructions. In practice, the controlled gas
release by excavating simple exhaust wells before engineering construction has been proved to be an effective engineering approach to
reduce or eliminate potential geological disasters, as shown in Fig. 2
(Kong et al. 2004; Xu et al. 2013). Compared with the general saturated and unsaturated soils, the gas-charged sand in Hangzhou Bay
is special because of its speciﬁc stress path of gas release.
Wheeler (1986) proposed a so-called “large bubble model” to
describe the behavior of gassy soil containing large gas bubbles.
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Fig. 2. (Color) Preset wellhead assembly of advance simple exhaust
wells

Fig. 1. (Color) Shallow gas eruption encountered during the exploration of the construction in Hangzhou Bay, China: (a) gas eruption in a
borehole in the construction of the Hangzhou Bay Bridge (image by
Lingwei Kong); (b) gas combustion in of a borehole in the construction
of the Hangzhou subway (image by Yong Wang)

Pietruszczak and Pande (1996) gave a mathematical description of
the undrained response of gassy soils in which the gas phase is in
the form of discrete bubbles. Grozic et al. (2005) used a constitutive
model to investigate the behavior of loose marine gassy sand. Based
on the Cam-clay model, Sultan and Garziglia (2014) captured the
deformation feature of ﬁne-grained gassy sediments. The ground
settlement by shallow gas is one of the important geotechnical
and geoenvironmental problems concerning engineering construction in the Hangzhou Bay area. For example, the settlement
of the Qiantang River embankment during gas release in the
Hangzhou metro construction reached an alarming value due to
gas release (Dai 2014). However, there is still no model proposed
for describing the deformation characteristics under the special
stress path of gas release.
During gas release, the gas-water balances of the shallow gas
reservoirs are lost. Therefore, the analysis of the soil-water-gas–
coupled deformation effect is important for the gas-charged sand in
the process of gas release. In the theory of general unsaturated soil
mechanics, pore water plays a relatively more important role
than air because water pressure is always higher than the air pressure, which pressure is equal to the atmosphere (Cai and Ugai
2004; Reinson et al. 2005; Ravichandran and Krishnapillai 2013;
© ASCE

Hamdhan and Schweiger 2013; Chen and Wei 2016). Usually,
these models mainly focused on the water phase, and the gas phase
is ignored. Nevertheless, for the gas-charged sand in Hangzhou
Bay, its gas phase plays a key role under the special stress path of
gas release. Therefore, most existing models and analytical methods for unsaturated soil cannot be directly adopted to investigate its
deformation behaviors.
Wang et al. (2011) proposed a rough method to estimate the deformation of the shallow gas-bearing ground in Hangzhou Bay
caused by gas release under the ﬁeld situation without test conditions. In this work, occurrence characteristics of the shallow gas geology and the gas-charged sand in Hangzhou Bay are discussed at
the beginning. Then based on a series of triaxial tests, a simpliﬁed
constitutive model for the gas-charged sand is developed to describe
its deformation under the condition of a controlled gas release.
Coupled with the equations of two-phase ﬂow, a “soil-water-gas”
three-phase interactional numerical modeling framework is established for the shallow gas reservoirs. Finally, the proposed methodology is evaluated through the simulation of the ground deformation
caused by gas release.

Occurrence Characteristics of the Gas-Charged Sand
in Hangzhou Bay
Understanding the original formation and occurrence conﬁguration
of the gas-charged soil is a very important prerequisite for adopting
a theory to study its mechanical properties. In Fig. 3 shallow, buried
gas-charged soils discovered in nature (including both in the marine
and terrestrial sedimentary environments) generally could be divided into three categories based on their possible original gasﬂuid-particle occurrence conﬁgurations: (1) continuous water phase
with soluble gas, (2) continuous free gas conﬁned as a pocket, and
(3) occluded bubbles of free gas. From the viewpoint of biogas generation, the produced gas ﬁrst dissolves in pore water in the form of
water-soluble gas [Fig. 3(a)]. This type of gas-charged uncemented
sediment is similar to the saturated soil. Because of continuous gas
production, the free gas is produced after dissolution and adsorption
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Fig. 3. (Color) Schematics of possible occurrence modes for gas-charged soils: (a) continuous water phase with soluble gas; (b) conﬁned continuous
free gas as a pocket (gas pressure above the atmosphere); (c) occluded bubbles of free gas

saturation. If the volume of produced free gas is sufﬁcient, the gas
phase becomes continuous but conﬁned as a larger pocket in sediments with a lower degree of saturation [Fig. 3(b)]. These types of
sediments ﬁt the model of general unsaturated soil, but the pore gas
pressure is higher than the atmospheric pressure. There is another
state, in which the water phase is continuous, but the gas is discontinuous in the form of occluded bubbles, as illustrated in Fig. 3(c).
Usually, the saturation degree of these sediments is greater than
0.85 (varying with the soil type); however, the conﬁguration of this
type of gas-charged sediment varies depending on the relative size
of bubbles and soil particles. The state in (1) Fig. 3(c) typically
occurs in marine coarse-grained cohesiveness soils, in which discrete bubbles are so small (compared with the particle size) that
they ﬁt within the normal void spaces without distorting the soil
structure (Sills et al. 1991). The conﬁguration in (2) Fig. 3(c) is often found in ﬂuffy soft soils, in which bubbles push back the soil
particle and leave the gas to ﬁll the soil structure (Wheeler and
© ASCE

Sivakumar 1995). The type of conﬁguration (3) in Fig. 3(c) mainly
occurs in overconsolidated ﬁne-grained cohesive soils in which gas
fractures the saturated matrix or reopens the preexisting fractures
(Boudreau 2012). The above mentioned gas-ﬂuid-particle conﬁgurations of gas-charged soils result in their different mechanical
characteristics.
The shallow gas-charged sand in Hangzhou Bay is shallowly
buried with a depth less than 60 m. Numerous ﬁeld investigations
in this region indicated that reservoirs often produce gas together
with water, but the high gas yield zone is relatively dry, which
illustrates that the gas-water distribution in the reservoir is not
uniform. Wang et al. (2012) further indicated that the gas reservoirs of sand lens in Hangzhou Bay occur with a typical zonation
nature, which can be roughly divided into three zones from the
gas top to the bottom: the gas enrichment zone, the funicular
zone, and the saturated zone (Fig. 4). In the gas enrichment zone,
the sand pores are almost ﬁlled with biogas with continuous gas,
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Fig. 4. Schematics of typical zonation in a sand lens reservoir of the Hangzhou Bay

low water content, and poor inﬁltration. The original gas-ﬂuidparticle occurrence conﬁguration in gas enrichment zones is very
similar to the state in Fig. 3(b).

Suction History Effect on Deformation of the
Gas-Charged Sand
As mentioned previously, in the original occurrence conﬁguration
of gas-charged sand in Hangzhou Bay, the sand in the shallow gas
enrichment zone is similar to the common unsaturated soil, but its
pore gas pressure is above the atmospheric pressure (Kong et al.
2009). Because of the natural formation process of gas reservoirs in
Hangzhou Bay, the sand lens is saturated at the beginning. Due to
the continuous biogas production and migration, methane free gas
is gradually displacing the pore water. Therefore, from the viewpoint of the unsaturated soil theory, the sand lens ﬁrst experiences a
suction increase (dehydration process) during the formation of gas
reservoirs, which makes them unsaturated. Nevertheless, under the
synthetic engineering condition of gas release, the gas-water balance in reservoirs is broken, and the “edge water” and “bottom
water” (the terminology from the petroleum and nature gas industry) are driven by the hydrostatic pressure to ﬂow into the reservoir.
Thus, sand in the gas enrichment zone would have to experience a
suction decrease (wetting process). This suction history (suction
increase during reservoir formation and then reduction caused by
gas release) is a typical feature for the gas-charged sand in
Hangzhou Bay, which has a signiﬁcant inﬂuence on its deformation
during the engineered gas release. In addition, it is worth emphasizing that the burial depth of reservoirs is generally 25–30 m, and their
© ASCE

deformation behaviors are controlled by a certain net mean stress
during this situation. Therefore, the effect of suction history on deformation of gas-charged sand should be considered. Based on a series of triaxial simulation tests considering different initial net mean
stress levels, effects of suction history on the deformation properties
of gas-charged sand deformation are investigated.
Soil Samples
The test samples are collected from a shallow gas reservoir (25–
30 m) in a typical exploration ﬁeld of Hangzhou Bay. The average
dry density, void ratio, porosity, and relative density of the gassy
sand are 1.54 g/cm3, 0.733, 42%, and 0.67, respectively. The test
result of the grain-size distribution is shown in Table 1. The sand
sample belongs to a type of silty sand, containing a small amount of
clay. The typical soil-water characteristic curve (SWCC) of the
sand is measured in a 5-bar ceramic plate extractor (Fig. 5), and the
result is shown in Fig. 6.
Test Procedure
The initial moisture content w0 , the initial dry density r d , and the
size of the remolding triaxial specimens are 6%, 1.54 g/cm3, and
38 mm (diameter)  80 mm (height), respectively. Sand specimens
are reconstituted by the method of water sedimentation (Wood et al.
2008). The test considering the suction history is conducted by the
Global Digital System (GDS) (Fig. 7). The stress path of tests is
shown in Fig. 8. Before the test, each sand specimen should be saturated, then different net mean stresses (50, 100, 200, and 250 kPa,
respectively) are applied for consolidation. Under each net mean
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Table 1. Grain-Size Distribution of the Gas-Charged Sand in Hangzhou
Bay, China
Particle size (mm)

Percentage (%)

Silty sand

>0.5
0.5–0.25
0.25–0.075
0.075–0.005
<0.005

0.8
3.0
73.5
14.6
8.1
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Soil type

Fig. 7. (Color) GDS

Fig. 5. (Color) Test of a 5-bar ceramic plate extractor

Fig. 8. Stress path of suction history by triaxial simulation tests

constant, the gas pressure is reduced slowly to the same value of
the backpressure. During the entire process, the backpressure
valve is opened so that water is permitted out or into the specimens. The specimen deformation in each process is recorded. A
balance standard of the test is adopted, and the water absorption
volume of the backpressure controller is smaller than 20 mm3 in
successive 6 h intervals.
Test Results and Analysis

Fig. 6. SWCC of the gassy sand sample in Hangzhou Bay (Note:
VG = van Genuchten model)

stress, two suction varying paths are simulated: one is the process of
suction increase (to simulate the gas reservoir formation) through
increasing the gas pressure step by step while keeping the backpressure constant, and the other is the process of suction reduction
(to simulate the synthetic engineering condition). To achieve the
path of suction reduction, while keeping the net mean stress
© ASCE

Test results for the sand deformation considering the suction history
effect are shown in Table 2. It can be seen that all the sand specimens under different net mean stresses shrink in the process of suction increase, and the volumetric shrinkage ratio is negatively
related to the net mean stress. Although the shrinkage ratio is larger,
the deformation has been ﬁnished in the natural process of gas reservoir formation, which is not a concern of the engineering. Whether
large or small, the deformation is deemed to be ﬁnished before the
engineered gas release. Nevertheless, sand behaviors in the subsequent process of suction reduction seemingly become complicated.
At this stage, the volume change ratio of specimens is calculated
from the recording data after returning the sand volume change in
dehydration process to zero (Table 2, Column 3). Under a small net
mean stress (e.g., p = 50 kPa), the sand sample swells with the suction reduction, and the ﬁnal volumetric expansion ratio is 0.28‰.
While under a certain net mean stress (e.g., p = 100 kPa), the sand
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Table 2. Test Results for Sand Deformation Considering the Suction History Effect
Initial net mean
stress (kPa)

Downloaded from ascelibrary.org by Wuhan University on 06/21/18. Copyright ASCE. For personal use only; all rights reserved.

50
100
200
250

Volumetric shrinkage ratio in suction
increase (%)

Volumetric expansion ratio in suction
decrease (%)

Volumetric change behavior in suction decrease
after increase

0.12
0.1
0.06
0.02

0.028
—
−0.005
—

Expansion
First expansion then shrinkage
Shrinkage
—

ﬁrst expands and then collapses. If under a higher net mean stress
(e.g., p = 200 kPa), then it collapses weakly, but the ﬁnal deformation is the volume shrinkage and the ratio is only 0.05‰. When the
net mean stress is further increased, the deformation of sand is too
tiny to be detected by the instrument (e.g., p = 250 kPa). Bao and
Zhan (2006) believed that a low-plasticity unsaturated soil might
swell or collapse during the wetting, which is related to not only the
stress level but also the initial state of soils. The authors’ test result is
consistent with the conclusion. In other words, although the sand
behavior in the process of suction reduction is relatively complicated
(expanding or collapsing), the sand deformation is tiny. Moreover,
the gas-charged sand in Hangzhou Bay is buried 25–30 m below
the ground, at which its initial net mean stress is at least more than
200 kPa. The thickness of gas reservoirs is not large (usually form
0.5 to 10 m). Thus, the sand deformation caused by suction reduction is smaller. Therefore, the test results considering the suction
history effect show the sand deformation caused during the suction reduction is negligible under the engineering conditions.

Constitutive Model for Gassy Sand under the Stress
Path of Gas Released

3
ds  0
Ht

where dɛv = total volumetric increment; dp = net mean stress increment; ds = matric suction increment; s = external total stress; ua =
pore gas pressure; uw = pore-water pressure; Et = elastic modulus
related to net mean stress; Ht = elastic modulus related to matric
suction; and m = Poisson’s ratio. Note that the second term in the

(2)

Therefore, the complicated coupling effect between the net
mean stress and the suction can be simpliﬁed. The main sand deformation during the gas release is mainly caused from the increasing
net mean stress dp due to the gas pressure reduction in reservoirs.
Additionally, dp ¼ dua . Eq. (1) is reduced to
dɛv ¼ 

As mentioned earlier, the sand in the shallow gas enrichment zone
can be regarded as a special unsaturated soil because its pore gas
pressure is higher than the atmospheric pressure. Another signiﬁcant difference from the common unsaturated soil is that the two
variants of the double-variable control theory (the net mean stress
and the suction) for the gas-charged sand change simultaneously
under the engineered gas release. In the process, the interior gas
pressure of the reservoirs is gradually changing, but the external
total stress remains constant. The sand deformation is a consequence of increasing the net mean stress and simultaneously
decreasing the suction with gas pressure reduction. Although it is
special, its original gas-ﬂuid-particle occurrence conﬁguration in
gas enrichment zones is similar to the feature of common unsaturated soil. Thus, the methodology of unsaturated soil mechanics still
can be used to investigate its mechanical behavior, as long as some
special conditions are considered.
Fredlund and Rahardjo (1993) proposed an incremental elastic
constitutive relation to describe the deformation of common unsaturated soil


1  2m
3
dp þ ds
dɛv ¼ 3
Ht
Et


1
dp ¼ d s  ua ; ds ¼ dðua  uw Þ
(1)
3

© ASCE

right side of the ﬁrst formula in Eq. (1), 3=Ht ds, accounts for the deformation increment caused by the suction increment. Because the
scale of gas reservoir in Hangzhou Bay is small and usually its diameter is from 5 to 50 m (Wang et al. 2012), the sand lens reservoir
is not a semi-inﬁnite body. Thus, assuming the sand in a gas reservoir is isotropic, only the volumetric deformation occurs without
shear deformation being developed during the gas release (the shear
stress increment dq ¼ 0). Moreover, as concluded earlier, considering the effect of suction history, the sand deformation caused by
suction reduction is too tiny to be ignored during the gas release.
Hence, it is reasonable to assume that

1
dua
Bt

dp ¼ dua ; ds ¼ dua  duw

(3)

where Bt ¼ Et =3ð1  2 m Þ = bulk modulus of gas-charged sand.
Eq. (3) describes the deformation characteristics of gas-charged
sand in the special path of gas release.
Model Parameters
To obtain the bulk modulus Bt in Eq. (3), some triaxial tests for gas
release under different initial suctions are conducted with the GDS
triaxial system (Fig. 7). Four sand specimens are reconstituted with
a size of 50 mm (diameter)  100 mm (height) and the same initial
dry density of 1.54 g/cm3. Before the test, the conﬁning pressure
500 kPa is applied and the backpressure is 200 kPa. Gas pressures
of 400, 300, 250, and 230 kPa are applied from the top of specimen,
respectively. The corresponding initial matric suction of the sand
specimens is set to 200, 100, 50, and 30 kPa, respectively, whereas
the corresponding initial effective conﬁning pressures are kept at
100, 200, 250, and 270 kPa, respectively, until both the stable consolidation state and the suction balance are reached. Next, the backpressure valve is closed for undrained tests. The gas pressure of
specimens is unloaded slowly to 200 kPa, which is equal to the
backpressure. During the entire process, the axial strain and volumetric change of the sand are recorded.
Based on the previously mentioned triaxial tests, the relationships between Bt and ðs 3  ua Þ for different initial matric suctions are shown in Fig. 9. It can be seen that Bt reduces nonlinearly with an increase of the effective conﬁning pressure
ðs 3  ua Þ; the higher the initial suction s0 is, the faster Bt
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Fig. 10. Curves between m and s/patm

Fig. 9. Curves between (s 3 – ua)/patm and Bt/patm

Table 3. Bulk Modulus Parameters of Gas-Charged Sand in Different
Initial Suctions
Initial suction
(s/kPa)
200
100
50
30

Initial gas pressure
(ua/kPa)

Initial net stress
[(s 3 – ua)/kPa]

G

m

400
300
250
230

100
200
250
270

103.95
103.83
101.78
101.25

0.372
0.153
0.072
0.044

decreases. A further investigation shows that there is an exponential relationship between Bt and (s 3 – ua)


d  s u
Bt ¼ patm G þ e

0

ð 3
mpatm

aÞ

(4)

where patm = atmospheric pressure; d 0 = net stress under an ideal
saturated state after a complete gas release; and G and m are two
dimensionless parameters. The values of G and m under different
initial suctions are listed in Table 3, in which d 0 is equal to
300 kPa. It can be seen that G is a constant and it is not inﬂuenced
by the suction. However, m is signiﬁcantly affected by the suction, and it decreases with the suction reduction. In Fig. 10, the
relationship between m and suction, s, can be described by a linear
relationship


s
þ
(5)
m¼k
patm
where k and  are two dimensionless constants.
Under the stress path of gas release, gas-charged sand in the gas
enrichment zone could not produce shear deformation. If the suction is kept constant, the elastic modulus Et remains unchanged. In
other words, Et is always equal to the initial tangent modulus E0 at a
constant suction. E0 under different suctions can be obtained
through the unsaturated triaxial shear tests under different net mean
stresses.
Using a series of triaxial consolidation draining shear tests for
the sand specimens under different constant suctions, it is found
that the ɛa 1=ðs 1  s 3 Þ curve (where ɛa is the axial strain) is

© ASCE

Fig. 11. Relationship between lg[(s 3 –ua)/patm] and lg(E0/patm)

linear with the intercept as 1=E0 and the slope as 1=ðs 1  s 3 Þult
[where ðs 1  s 3 Þult is the extreme deviatoric stress]. In other
words, ðs 1  s 3 Þ and the axial
 strain ɛa obeya hyperbola relationship. The curves between lg ðs 3  ua Þ=patm and lg ðE0 =patm Þ of
the sand samples under different suctions are shown in Fig. 11,
from which the relationship between E0 and ðs 3  ua Þ can be
described by


s 3  ua n
(6)
E0 ¼ Kpatm
patm
where K and n are two test dimensionless constants. K is signiﬁcantly inﬂuenced by the suction, reﬂecting the softening effect due
to a suction reduction (or an increase of water content), but n is a
constant of 0.14, relating to the soil type. The relationship between
K and suction s is shown in Fig. 12, indicating that K decreases
exponentially with the suction reduction. This phenomenon can be
described by introducing a damage indicator v
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Fig. 12. Relationship between K and s/patm

 s
D p
atm

v ¼1e

Fig. 13. Results of the numerical simulation and the triaxial tests of
gas release

(7)
Table 4. Model Parameters of the Gassy Soil Sample

where the constant D (>0) reﬂects the softening speed: a larger D
results in a faster softening. Thus, K can be expressed as
K ¼ K0 ½1  λð1  v Þ

(8)

where K0 = value at the initial suction s0 ; and λ 2 ½0; 1 = degree of
suction inﬂuence on the elastic modulus E0 .
In summary, a model to describe the deformation behavior of
gas-charged sand under the engineered gas release is established,
based on the triaxial tests. The model has seven parameters: four parameters (D, λ, K0 , and n) related to Et , and three parameters (G, k ,
and ) related to Bt . All of these parameters can be obtained by laboratory tests. Poisson’s ratio m is assumed a constant for the sand.
Model Verification
Using the user-deﬁned module of the software Fast Lagrangian
Analysis of Continua (FLAC), the previously mentioned model is
incorporated into FLAC. Then this model is used to numerically
simulate and predict the previously mentioned triaxial test results.
Fig. 13 shows the comparison between the numerical simulation
and the tests of gas release under different initial suctions. The corresponding model parameters are listed in Table 4.
In Fig. 13, in which the solid lines are the numerical predictions, the deformation of gas-charged sand is very small and also
slow at the beginning during the gas release. When the gas pressure is reduced to a certain value, the deformation begins to
increase rapidly in a nonlinear manner, especially for a lower initial gas pressure. This phenomenon implies that no observed deformation does not secure the safety of the foundation during gas
release; the ground can deform suddenly when the gas pressures
in the reservoirs decrease to a certain value (at this point, the suction of the reservoir corresponds to that of the SWCC at the residual water content). Therefore, engineers should pay attention
when using this method of gas release.
The previously mentioned deformation behavior of gassy sand is
related to the reduction of the bulk modulus with an increase in net
mean stress in gas reservoirs. In Fig. 9, the lower the initial suction
© ASCE

Modulus
Et

Bt

Relevant parameters

Value

D
K0
λ
n
G
k


10.11
469.8
0.684
0.140
104.2
0.195
0.025

of the gas-charged sand is, the higher is the bulk modulus under the
same net mean stress. The bulk modulus is closely related to the gas
content (or saturation) but not the gas pressure. If the initial suction
is higher, it means that the gas content is larger and the gas permeability is better; thus, it is easier for the gas to migrate in sand pores.
Because of the higher compressibility of gas, the gas-charged sand
is easier to deform; otherwise, it is more difﬁcult. Finally, the bulk
modulus with different initial suctions approaches the value of the
saturated sand (s = 0 kPa), leading to deformation curves that are
almost parallel to each other.
Fig. 14 depicts the predicted axial and volumetric strain curves
of gas-charged sands using the model under the gas release with an
initial gas pressure of 350 kPa. The ﬁgure shows that the predicted
volumetric strain is slightly larger than the experiment, but both
axial and volumetric deformation tendencies are consistent with the
test results, which validates the applicability of the proposed model.

Three-Phase–Coupled Analysis of Gassy Ground
under the Gas Release
As mentioned previously, the soil-water-gas–coupled deformation
effect is signiﬁcant during the engineered gas release. If pore water
in the gas-charged sand is deemed as the wetting ﬂuid, then pore gas
is the nonwetting ﬂuid. Ignoring dissolution and exsolution of the
gas phase, the relationship between the saturation of water and the
gas in pores is
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Fig. 14. Predicted axial and volumetric strains of gas-charged sand
with an initial gas pressure of 350 kPa

Sa þ Sw ¼ 1

(9)

where Sa and Sw = saturation of the gas and water, respectively.
The SWCC is an internal relationship of soil between the gaswater distribution and the water saturation, which is often described
by the van Genuchten model (VGM) (van Genuchten 1980). The
model reveals the initial pressure difference distribution between
the gas and water in gas reservoirs. Moreover, the gas-water distribution directly affects the permeability of soil. The unsaturated permeability of water can be described by the VGM model (Mualem
1976)

a
a
krw ¼ Se1=2 1  1  S1=
e

2

(10)

where krw = relative permeability coefﬁcients of water; Se = effective saturation; and a = VGM parameter of SWCC. The Parker
model can be adopted to describe the unsaturated gas permeability
in reservoirs (Parker et al. 1987)

2a
kra ¼ ð1  Se Þ1=2 1  Se1=a

(11)

where kra = relative permeability coefﬁcient of gas.
With a properly controlled ﬂow rate at the exhaust shaft
mouth, the gas-water migration in a gas reservoir is a slow process, which can be deemed to conform to Darcy’s law. Thus, the
migration law is described by the following two-phase ﬂow
equations:
8
>
L k
∂ nr S
>
> r  p ra ðrua  r a grhÞ þ qa ¼ ð a a Þ
>
<
Ba m a
∂t
(12)
>
>
> r  Lp krw ðruw  r grhÞ þ qw ¼ ∂ðn r w Sw Þ
>
w
:
Bw m w
∂t
where Ba and Bw = bulk coefﬁcients of gas and water respectively
and Ba ¼ r a0 = r a , Bw ¼ r w0 = r w ; r a0 and r w0 = gas and water density under the standard states (in kilogram per cubic meter); r a and
r w = gas and water density (in kilogram per cubic meter); Lp =
© ASCE

Fig. 15. (Color) Numerical model of an exhaust shaft in a gas
reservoir

absolute permeability of soil (in square microns); h = scale height;
m a and m w = viscosity coefﬁcients of gas and water (in megapascals per seconds); n = porosity of soil skeleton; and qa and qw =
source/sink intensities of gas and water (cubic meter per cubic meter per day).
From the survey data, the shallow gas-bearing layer in the
Hangzhou Bay is located in the underground zone with a constant
temperature (the temperature of underground water is 19–20°C).
Therefore, the viscosity of ﬂuid is constant, and the change of water
density ( r w ¼ 1; 000 kg=m3 ) is ignored. Supposing the gas phase
is an ideal gas, and its density r a is described by the Clapeyron
equation

ra ¼

ma
ua
RT

(13)

where R = gas constant [8:315  103 Pa  m3 =ðmol  KÞ]; and ma =
methane molecular mass (in kilograms per mole). Suppose that the
gassy sand is isotropic and the soil particles are incompressible,
then dɛv ¼ dn. The varying of n in Eq. (12) can be determined by
the proposed constituted model.
Deformation of the soil skeleton affects the permeability of ﬂuid.
Rivera et al. (1991) proposed an empirical formula for the permeability against the porosity
l ¼ l0

nð1  n0 Þ
n0 ð1  nÞ

3

(14)

where n0 and n = initial porosity and the current porosity; and l0 and
l = permeability coefﬁcients corresponding to n0 and n.

Case Study
Based on the previously mentioned three-phase–coupled method,
the two-phase ﬂow module in FLAC is modiﬁed and used to simulate the soil-water-gas–coupled deformation in a gas reservoir under
the engineered gas release.
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Model Simplification and Parameters
As shown in Fig. 15, the stratum soils are divided into four layers
according to an actual gas-bearing area in Hangzhou Bay: ‹ sandy
silt, 0–13.5 m; › mucky silty clay, 13.5–27 m; fi ﬁne sand (shallow
gas reservoir), 27–37 m; and fl gravel bed, 37–42 m. For the convenience of analysis, all of the soil layers are simpliﬁed into the horizontal distributions and assumed isotropic, ignoring gas dissolution
and exsolution in water. The groundwater line is located at the
ground surface, and an exhaust shaft is placed in the middle. The

size of the well is 0.5 m (diameter)  27 m (depth), and the gas ﬂow
rate at the well mouth is qv = 0.01 m/s (corresponding to the actual
ﬂow rate of 18 m3/h). The initial porosity n0 and the initial gas reservoir pressure are 42.3% and 350 kPa, respectively.
The numerical model is axisymmetric. The boundaries a–a0 and
b–b0 are moveable and permeable; h–h0 is the ﬁxed and constant
water level boundary; a–h and b–h0 are the ﬁxed horizontal displacement and constant water level boundaries; the side wall of the
well is a0 –e0 and b0 –f 0 are the ﬁxed horizontal displacement and

Table 5. Physical Parameters of Soil Layers
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Values of parameters
Soil layer
‹
›
fi
fl

3

g (KN/m )
18.5
17.4
15.4
20.5

e0
0.738
1.174
0.733
0.70

Es (MPa)
4.98
2.8
15.0
21.5

Gs

c (kPa)

2.69
2.73
2.67
2.65

8.8
18.8
8.0
1.0

w (degrees)
31.9
13.1
33
33

kw (cm/s)
−4

4.27  10
7.0  10−7
6.41  10−4
2.4  10−2

ka (cm/s)

m

Sw

—
—
2.87  10−4
—

0.25
0.35
0.4
0.22

1.0
1.0
Determined by SWCC
1.0

Fig. 16. (Color) Water saturation distributions at different times in the gas reservoir: (a) t = 0 s; (b) t = 1.25  104 s; (c) t = 1.87  104 s; (d) t =
2.13  104 s

© ASCE

04017122-10

Int. J. Geomech., 2018, 18(1): 04017122

Int. J. Geomech.

Downloaded from ascelibrary.org by Wuhan University on 06/21/18. Copyright ASCE. For personal use only; all rights reserved.

impermeable boundaries; the mouth of the well e0 –f 0 is the ﬁxed gas
ﬂow boundary; and other interior boundaries are permeable.
The initial pore-water pressure is obtained by the hydrostatic
pressure. The initial saturation of the gas-charged sand in the reservoir is obtained by the SWCC, with the residual saturation Sr = 0.1;
whereas the initial saturation of the other soil layers is set to be 1.0.
The shallow gas-bearing layer is described by the proposed model
in this work, whereas the other soil layers are described by the
Mohr-Coulomb model. The related model parameters for soil layers
are listed in Table 5, where kw = saturated water permeability coefﬁcient; ka = saturated coefﬁcient of air permeability; g = natural
gravity; e0 = natural void ratio; Es = modulus of compressibility;
Gs = speciﬁc gravity; and c and w = cohesion and frictional angles,
respectively.
Simulation Results
Fig. 16 shows the simulated saturation distribution in the gas reservoir at different time instants. Fig. 16(a) is the gas-water distribution
of the original gas reservoir at the beginning (t = 0 s), and Fig. 16(d)
is the result after about 6 h (t = 2.13  104 s). During the gas release,
the gas pressure in the reservoir decreases continuously and the
edge water is driven into the reservoir to replace the pore gas by the
pressure difference, whereas the bottom water forms a “water cone”
toward the shaft bottom [Fig. 16(c)]. The edge water drives the gas
to migrate toward the mouth of the shaft bottom, leading to a gradual
reduction of the gas reservoir volume until all the gas is completely
exhausted. The simulated vertical displacement distribution of the
soil layers caused by gas release is depicted in Fig. 17. The maximum settlement occurs near the mouth of the shaft bottom. Fig. 18 is
the simulated ground surface subsidence at t = 2.12  104 s. The vertical displacements gradually decrease along the horizontal direction
away from the well axis, forming a “funnel” sedimentation basin.
These ﬁndings match the observations reported by the oil and gas
industry.
In Fig. 15, there is a monitoring point D2, which is 15 m away
from the well. Fig. 19 compares the settlement of D2 in the ﬁeld
measurement and the numerical simulation. It is found that the
measured ground subsidence caused by the gas release increases
with the reservoir gas pressure reduction, and the deformation is not
obvious during the initial stage of gas release. However, when the

gas pressure decreases to about 300 kPa, the deformation begins to
increase rapidly, and the ﬁnal subsidence reaches 11.2 mm.
Although the ﬁnal subsidence of simulation is slightly larger than
the measured one, the deformation trend simulated by the proposed
model is consistent with the ﬁeld monitoring results. Therefore, the
method proposed in this work can be used to investigate the gasbearing ground deformation and geoenvironmental effect caused by
the engineered gas release in shallow gas geology areas.
Discussions
The method developed in the current work is suitable for describing
the deformation of shallow gas-charged sand in a relative largescale gas enrichment zone under the engineered gas release. It is
assumed that the suction balance could always be reached in reservoirs during the gas release, and ua is consistently higher than uw . If
the gas release is uncontrolled, a sharp differential pressure between
the reservoir gas and the outside atmosphere might cause the interior ua to be less than uw , then gas-water migration could not follow
the rule of Darcy ﬂow. Moreover, fast gas and water ﬂow could

Fig. 18. Ground surface subsidence of the simulation at t =
2.12  104 s

Fig. 17. (Color) Vertical displacement of the ground
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Fig. 19. Subsidence for different gas pressures at Point D2
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