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Natural gas hydrate is an ice-like crystal formed by methane and water, which is a new type of strategic energy with huge reserves.
The exploitation of deep-sea hydrate will cause a large amount of decomposition of hydrate, which will decrease the sediment
strength. In this paper, production models of different types of hydrate reservoirs under different BHP (bottom hole pressure)
were established. Then, sensitivity analysis was conducted to determine parameters which have the most significant influence on
formation subsidence. After that, hydrate formation failure was discussed using two different criteria: formation subsidence and
stress-strain curve. Then, critical production pressure was determined. Through comparison, it was found that the criterion of
formation subsidence is more suitable. Finally, based on this criterion, the optimal production pressure of different types of
hydrate reservoir was determined. The work of this paper will provide a certain reference value for the efficient and safe
production of hydrate in the future.

1. Introduction

Natural gas hydrate (NGH) is considered as the most prom-
ising new strategic energy [1]. Solid gas hydrate is usually a
cemented component of the reservoir, and its decomposition
will cause a series of changes in reservoir physical parame-
ters, mechanical properties, and pore pressure [2]. A large
number of experimental and numerical simulation studies
have shown that hydrate decomposition leads to a significant
increase in the physical parameters such as reservoir porosity
and permeability, and the mechanical parameters such as
elastic modulus and cohesion are significantly reduced.

The research of NGH has drawn more and more atten-
tion all over the world recently. Research on hydrate produc-
tion mainly focuses on the effect of production parameters on
gas production and decomposition rate. For example, Fitz-
gerald and Castaldi conducted electric heating mining exper-
iments in a large laboratory reactor with a volume of 59.3 L,
and the results showed that the production efficiency was rel-
atively high at the initial stage of mining and then declined.
When hydrate saturation was high, the energy utilization

ratio was higher, and the influence of hydrate saturation on
mining efficiency was greater than that of heating power
[3]. Yousif et al. established a three-phase model of one-
dimensional isothermal depressurization exploitation of
hydrate and compared it with experimental results. It is
found that the greater the pressure difference, the faster the
hydrate decomposition [4]. Falser et al. analysed simple
depressurization and combined method of depressurization
and electric heating. The results showed that with the same
production pressure, combined method increased the gas
production by 1.8 times compared with simple depressuriza-
tion [5].

Moreover, for the mechanical response of hydrate sedi-
ments during exploitation, there are many experimental
and numerical researches. Priest et al. analysed the process
of hydrate formation and decomposition through hydrate
resonance column experiment. The results showed that
hydrate decomposition could significantly reduce the stiff-
ness and strength of sediments, and the degree of reduction
depended on the interaction between hydrate and sediments
[6]. Rutqvist et al. combined TOUGH+HYDRATE and
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FLAC3D to analyse hydrate decomposition and formation
deformation. The results showed that shear failure occurred
in the horizontal well, while the formation subsided around
the vertical well. The shear failure and the vertical subsidence
were more obvious at the wellhead [7]. UC Berkeley labora-
tory studied the mechanical properties of hydrates during
decomposition, which coupled friction angle, cohesion, bulk
modulus, and shear strength in its simulations [8]. However,
experiments can only obtain the elastic properties, while the
formation deformation is elastic-plastic during production,
and synthetic samples are different from the hydrate in actual
formation, which will cause inaccurate results. On the other
hand, numerical simulations mainly focus on the cumulative
gas production or the change of mechanical properties dur-
ing exploitation. There are few researches which considered
both production and mechanical properties.

From the above, the exploitation of hydrate will cause
formation deformation, even formation failure, and there is
no research focus on the relationship between production
rate andmechanical properties, that is, it is necessary to study
the optimal production pressure to maximize gas production
and keep the formation stable.

In this paper, the multiphase seepage and formation sta-
bility during hydrate exploitation were taken as the core
issues, and the depressurization process of hydrate was stud-
ied by combining theoretical analysis with numerical simula-
tion. Based on the mechanism and the law of formation
failure, criteria and critical condition of formation failure
were determined, and the optimal production pressure for
safe and stable exploitation was obtained for hydrate reser-
voirs of different distribution patterns.

2. Materials and Methods

2.1. Distribution Modes of Natural Gas Hydrate. There are
mainly six distribution patterns of hydrate in sediments
according to hydrate saturation, including pore-filling mode,
contact cementation mode, particle-wrapping mode, skele-
ton/particle-supporting mode, mixed mode, and nodule/-
crack-filling mode, as shown in Figure 1. Generally, hydrate-
bearing sediments is relatively shallow, uncompacted, and
weakly consolidated, whose strength is mainly determined
by hydrate content and distribution pattern. The strength of
pore-filling mode is the lowest, contact cementation mode is
higher, and particle-wrapping mode is the strongest.

Due to various distribution patterns of hydrate in forma-
tion pores, its multiphase seepage and mechanical properties
in the formation are very special. Hydrate saturation corre-
sponding to different distribution patterns is different. When
the saturation is high, the cementation effect of hydrates is
relatively more obvious, and the mechanical strength of the
formation after decomposition will be significantly affected.
However, when the saturation is low, the support of hydrates
on the formation is relatively weak [9]. According to previous
research results, when hydrate saturation is less than 20%, the
distribution of hydrates in the formation is mainly pore-
filling mode, which has little effect on sediment strength;
when saturation is greater than 40%, the sediment strength
is enhanced significantly, and hydrate decomposition will

greatly weaken the formation strength [10]. Laboratory
experiments show that the mechanical strength of hydrate
sediment increases with hydrate saturation [11, 12].

The distribution pattern of hydrate in formation is
related to the sedimentary environment and fluid migration
channel. Previous studies have shown that hydrates are
formed in pore fluids first and then gradually move towards
the rock skeleton. After saturation exceeds 30%, formation
particles are gradually cemented. However, in this case, part
of the gas is trapped, resulting in the lack of gas source to con-
tinue to form hydrate. Therefore, the hydrate saturation in
formation is up to 70% [13].

Different distribution patterns of hydrate in sediments
lead to different formation response after decomposition.
Therefore, for different types of hydrate reservoirs, the optimal
production pressure should be calculated separately. In this
paper, three different types of hydrate reservoirs are mainly
studied: contact cementation mode, particle-wrapping mode,
and skeleton-supporting mode. As mentioned before, when
hydrate saturation is greater than 40%, the formation strength
is enhanced significantly. So, we assume the saturation of con-
tact cementation mode is 40% for its strength is higher than
modes (d), (e), and (f). From Figure 1, we can see that the sat-
uration of skeleton-supporting mode is the highest, that is,
70%, which is the maximum saturation of hydrate reservoir.
As for the particle-wrapping mode, the saturation is between
the above two modes, so we assumed it to be 60%. Therefore,
the initial hydrate saturation of these three modes is assumed
to be 40%, 60%, and 70%, respectively. These values are
assumed based on previous study, which need to be further
verified through experiments.

2.2. Theoretical and Numerical Model of Hydrate Production.
Theoretical equations of hydrate in the process of decompo-
sition are as follows:

(1) Kinetic equation of hydrate decomposition [15]

mg = KrdMgAdec θepe − θgpg
� �

, ð1Þ

where mg is the decomposition rate of natural gas in porous
reservoir per unit volume, kg/ðm3∙sÞ; Krd is the hydrate
decomposition rate constant, which is related to temperature,
mol/ðm2∙Pa∙sÞ;Mg is the molar mass of CH4; Adec is the sur-
face area of decomposed hydrate in porous media of unit vol-
ume, m-1; θe is the fugacity coefficient at equilibrium
pressure; pe is the equilibrium pressure under current tem-
perature, Pa; θg is the fugacity coefficient under current pres-
sure; pg is the current gas pressure.

(2) Energy conservation equation [15]

∂
∂t 1 − φð ÞρrHr + φShρhHH + φSgρgHg + φSwρwHw

h i
= ∇∙ Kc∇Tð Þ−∇∙ ρg�ugHg + ρw�uwHw

� �
+Qin,

ð2Þ
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where ρr,h,g,w are the density of rock, hydrate, gas, and water;
Hr,H,g,w are the enthalpy of rock, hydrate, gas, and water; �ug,
�uw represent the flow rate of gas and water; Kc is the effective
heat transfer coefficient for hydrate reservoir; T is the tem-
perature; Qin is the outside heat supply.

(3) Mass conservation equation [16]

−
∂ ρwvw

!� �
∂x

+
∂ ρgvg

!� �
∂x

2
4

3
5 +mw +mg −mh

=
∂ φSwρw + φSgρg + φShρh
� �

∂t
,

ð3Þ

where ρw, ρg, ρh represent the density of water, methane, and

hydrate, (kg/m3); vw
!, vg

! represent water and methane seep-
age velocity, m/s; mw, mg,mh represent the mass of water
and methane produced and the mass of hydrate consumed
by decomposition within unit time, kg/(m3·s); Sw, Sg, Sh rep-
resent the saturation of water, methane, and hydrate. φ is the
porosity.

(4) Gas-water two phase fluid-solid coupling seepage
equation [16]

∂ φρgSg
� �

∂t − Δ∙
Krgρg
μg

K Δpg + ρgg
� �" #

+ φρgSg
� �

Δ∙vs =mg + qg,

ð4Þ

∂ φρwSwð Þ
∂t − Δ∙

Krwρw
μw

K Δpw + ρwgð Þ
� �

+ φρwSwð ÞΔ∙vs =mw + qw:

ð5Þ

(5) Equilibrium differential equation of deforming
medium [16]

∂σx
∂x +

∂τxy
∂y + ∂τxz

∂z + f x − α
∂�p
∂x = 0,

∂σy
∂y +

∂τxy
∂x +

∂τyz
∂z + f y − α

∂�p
∂y = 0,

∂σz
∂z + ∂τxz

∂x +
∂τyz
∂y + f z − α

∂�p
∂z = 0:

ð6Þ

(6) Geometric equation [17]
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Based on these above equations, a horizontally homoge-
neous model of hydrate is established to perform production
simulations.

In this paper, hydrate production simulations are con-
ducted in three groups: initial hydrate saturation=40%,
60%, and 70%, which represent three different distribution
patterns of hydrate. Simulations of each group are carried
out under different BHP, that is, BHP=1000 kPa, 2000 kPa,
3000 kPa, 4000 kPa, and 5000 kPa, because different BHP
lead to different decomposition rate of hydrate and then dif-
ferent formation response.

The geological model of hydrate exploitation is estab-
lished by the CMG software, which couples multiphase seep-
age and geomechanics. The size of numerical model is
300m × 300m × 120m, and the depth of reservoir top is
450m, as shown in Figure 2. The hydrate layer is 90m thick
with 30m of rock layers above and below. The production
well is set in the middle of the model. The parameters of
the model are shown in Table 1. The initial formation pres-
sure is 7800 kPa (the depth of reference block is 450m),
and the initial formation temperature is 10 C.

The simulation models are initialised by assuming no
gravity, no secondary hydrate, no capillary pressure, and only
water and methane are produced by decomposition. For each
simulation, formation subsidence and gas production are cal-
culated and the maximum subsidence is recorded. The results
are expected to show optimal production pressure of different
types of natural gas hydrate based on two different criteria.

2.3. Sensitivity Analysis. After the model is established, we do
sensitivity analysis first. Formation sensitivity is an important
factor directly affecting the productivity of reservoir, as well as
an important content in the study of reservoir damage degree.

The objective function y is subsidence, and the influence
of various parameters (xi) on the objective function is repre-
sented by the following reduced quadratic model, which con-
siders the linear effects (through linear terms), the interaction
effects (through cross terms xixj), and the quadratic effects
(through quadratic terms x2j ) [18].

y = a0 + 〠
k

j=1
ajxj + 〠

k

j=1
ajjx

2
j +〠

i<j
〠
k

j=2
aijxixj: ð8Þ

xi includes:
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(1) BHP: When exploiting hydrate by depressurization
method, BHP has great influence on gas production
rate and mechanical behaviour of formation. In this
paper, BHP is assumed to range from 1000 kPa to
5000 kPa

(2) Injected Heat: Injecting heat into hydrate formation
can improve formation temperature and increase
the decomposition rate of hydrate to some extent,
thus affecting formation subsidence. In this paper,
injected heat is assumed to vary from 0 to 8 × 1010 J
/day

(3) Reservoir Depth: With different reservoir depth, the
overlying formation will exert different forces on
hydrate layer, which will have corresponding influ-

ence on formation subsidence. In this paper, reser-
voir depth is assumed to vary from 450m to 1000m

(4) Hydrate Saturation: Hydrate saturation represents
the content of hydrate in formation pores, which is
closely related to formation strength. With different
hydrate saturation, the change of gas production rate,
effective stress, and other parameters with time will
be different, thus affecting formation subsidence. In
this paper, the range of hydrate saturation is assumed
from 30% to 70%

The effect of interaction terms and quadratic terms can
be understood by looking as the effect of “A∗B” on the sub-
sidence in Figure 3. For example, we assume ranges of
“BHP” and “Sh” as (a, b) and (c, d). The maximum subsi-
dence occurs at (BHP = a, Sh = d) or (BHP = b, Sh = c), while
the minimum subsidence occurs at (BHP = a, Sh = c) or
(BHP = b, Sh = d). The difference between these two values
of subsidence is 0.0485m.

Figure 3 shows that in all simulation results, the relative
effect of BHP and hydrate saturation on the subsidence is
greater than that of injected heat and depth. BHP has the
greatest influence on subsidence: the lower BHP, the greater
the subsidence, and more prone to failure. In all simulation
results, the maximum subsidence is about 0.1m. When
BHP increased from 1000 kPa to 5000 kPa, formation subsi-
dence decreased by 0.06m. The increase of hydrate satura-
tion also reduces subsidence. Other terms have little
influence on the objective function and can be ignored.

For actual exploitation, initial hydrate saturation is an
immutable parameter, while BHP can be changed. Therefore,
in order to ensure safe and efficient production, it is neces-
sary to optimize BHP in hydrate reservoirs with different sat-
uration, so as to maximize gas production and control the
formation subsidence within a safe range.

Figure 2: Geological model of hydrate exploitation.
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Figure 1: Distribution pattern of hydrate in sediments. (a) Skeleton-supporting mode. (b) Particle-wrapping mode. (c) Contact cementation
mode. (d) Pore-filling mode. (e) Mixed mode. (f) Nodule/crack-filling mode. NGR: natural gas hydrate-bearing rock; NGH: natural gas
hydrate [13, 14].
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3. Results and Discussion

Depressurization method is the most commonly used and
economical method for hydrate exploitation. Decreasing
BHP can accelerate hydrate decomposition, but when pres-
sure difference between BHP and formation pressure is too
large, a great amount of gas will be produced from hydrate,
which will lead to a sharp increase in effective stress of the
formation and then formation failure. Therefore, we need
to determine optimal production pressure of different types
of hydrate reservoir to ensure safe and efficient production.

The critical production pressure should be determined
first. In this paper, we use two ways to determine the critical
condition of formation failure, that is, method based on for-
mation subsidence and method based on stress-strain curve.

3.1. Based on the Formation Subsidence. During production,
it is normal that slight formation subsidence occurs due to
the change of pore pressure. However, if the subsidence is
greater than the critical value, it may exert a large force on
production equipment, causing damage to the equipment.

In this paper, the model size is small compared with actual
hydrate-bearing formation, so it is considered that formation
failure occurs when the vertical subsidence exceeds 60mm,
that is, 60mm is the critical subsidence of formation failure.
This critical subsidence is an assumed value for calculation
in this paper and needs to be corrected according to further
mechanical experiments.

Coupled geomechanical models were established for
three types of hydrate reservoirs, and exploitation was simu-
lated under production pressure of 1000 kPa, 2000 kPa,
3000 kPa, 4000 kPa, and 5000 kPa, respectively. The produc-
tion time was assumed to be 1100 days. The curve of maxi-
mum formation subsidence with production time in each
case was shown in Figures 4–6.

For reservoir with an initial hydrate saturation of 40%
(the hydrate distribution mode is contact cementation),
when production pressure is greater than 4000 kPa, the max-
imum formation subsidence is less than the critical value (see
Figure 4), that is, formation failure does not occur in the sim-
ulated process. When production pressure is less than
4000 kPa, namely BHP = 1000 kPa, 2000 kPa, and 3000 kPa,

Table 1: Parameters of the hydrate-bearing sediment model.

Parameter Value

Thickness of the upper rock strata, m 30

Depth of the top of reservoir, m 450

Thickness of the lower rock strata, m 30

Thickness of hydrate layer, m 90

Initial hydrate saturation of hydrate layer 0.7/0.6/0.4

Initial water saturation of hydrate layer 0.3/0.4/0.6

Porosity of hydrate layer 0.25

Permeability of hydrate layer, md Ki = Kj = 125, Kk = 12:5
Initial temperature, C 10

Initial pressure, kPa 7800

Subsidence (m)
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

Maximum 0.1027
Minimum 0

–0.0383

BHP(1000 kPa, 5000 kPa)
Hydrate saturation: Sh (30%, 70%)

Injected heat (0.8 × 1010J/day)
Depth (450 m, 1000 m)

BHP⁎Sh

–0.0104

0.0043

0.0485

BHP⁎T 0.0534

0.062

0.0508

BHP⁎depth
Sh

⁎T

Sh
⁎depth

T⁎depth

0.0383

0.0103

–0.0621

Figure 3: Relative effects of various parameters on the subsidence of hydrate formation.
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the critical formation subsidence is reached on the 360th,
500th, and 750th days, respectively, which is considered as
formation failure.

For reservoir with an initial hydrate saturation of 60%
(the hydrate distribution mode is particle wrapping), when
production pressure is greater than 3000 kPa, the maximum
formation subsidence is less than the critical value (see
Figure 5), that is, formation failure does not occur in the sim-
ulated process. When production pressure is less than
3000 kPa, namely BHP=1000 kPa and 2000 kPa, the critical

formation subsidence is reached on the 450th and 650th
days, respectively, which is considered as formation failure.

For reservoir with an initial hydrate saturation of 70% (the
hydrate distribution mode is particle supporting), when pro-
duction pressure is greater than 2000kPa, themaximum forma-
tion subsidence is less than the critical value (see Figure 6), that
is, formation failure does not occur in the simulated process.
When production pressure is less than 2000kPa, namely BHP
= 1000 kPa, the critical formation subsidence is reached on
the 940th day, which is considered as formation failure.
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Figure 7 shows the time required for formation failure of
hydrate with different saturation under different production
pressure. It can be seen that for contact cementation formation
with an initial saturation of 40%, when BHP is less than
4000kPa, the formation failed before the set production time
and production is forced to stop earlier than the end of simula-
tion. Thus, the critical production pressure is 4000kPa. For
particle-wrapping formation with an initial saturation of 60%,
when BHP is less than 3000kPa, production is forced to stop
in advance. The critical production pressure is 3000kPa. For
particle-supporting formation with an initial saturation of
70%, when BHP is less than 2000kPa, production is forced to
stop in advance, and the critical production pressure is 2000kPa.

If BHP is greater than the critical value, the length of sim-
ulation is considered as the time required for formation fail-
ure in order to present the results clearly.

Figure 8 shows the cumulative gas production of three
different types of hydrate reservoir at different production
pressure during the entire production time (if production is
stopped in advance, the cumulative gas production before
stop is used). Combined with Figure 7, the optimal produc-
tion pressure of different types of hydrate reservoir can be
obtained, which ensure that the time before formation failure
is as long as possible and the cumulative gas production is
relatively maximum. When initial hydrate saturation is
40%, the optimal production pressure is 3000 kPa, the
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Figure 6: The subsidence of skeleton-supporting hydrate reservoir varies with production pressure.
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cumulative gas production within 1100 days is 1:89 × 107m3,
and the safe production time is 750 days. When initial hydrate
saturation is 60%, the optimal production pressure is 3000kPa,
the cumulative gas production within 1100 days is 4:78 × 106
m3, and the safe production time is 1100 days. When initial
hydrate saturation is 70%, the optimal production pressure is
1000kPa, the cumulative gas production within 1100 days is
1:15 × 107m3, and the safe production time is 940 days.

3.2. Based on the Stress-Strain Curve.During production pro-
cess, the effective stress of the formation around the well is an
important basis for analysing whether formation failure
occurs. The change of stress-strain curve reflects the state of
formation deformation. When there is an inflection point
in the curve, it indicates that the formation has undergone
plastic deformation, which means the formation fails, and
the inflection point is the critical point of production [17].

Coupled geomechanical models are established for three
types of hydrate reservoirs, and the production is simulated
under production pressure of 1000 kPa, 2000 kPa, 3000 kPa,
4000 kPa, and 5000 kPa, respectively. The formation stress-
strain curve in each case is shown in Figures 9–11.

For reservoir with an initial hydrate saturation of 40%
(the hydrate distribution mode is contact cementation),
when production pressure is 1000 kPa and 2000 kPa, the
inflection point appears in the stress-strain curve (see
Figure 9), which is considered that the formation fails. How-
ever, when the production pressure is greater than 3000 kPa,
there is no inflection point in the curve, then 3000 kPa is the
critical production pressure, which is less than 4000 kPa cal-
culated on the basis of formation subsidence.

For reservoir with an initial hydrate saturation of 60%
(the hydrate distribution mode is particle wrapping), when
production pressure is 1000 kPa, the inflection point appears
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Figure 8: Cumulative gas production before formation failure.
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Figure 9: The stress-strain curve of contact cementation hydrate reservoir.
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in the stress-strain curve (see in Figure 10), which is consid-
ered that the formation fails. However, when production
pressure is greater than 2000 kPa, there is no inflection point
in the curve, then 2000 kPa is the critical production pres-
sure, which is less than 3000 kPa calculated on the basis of
formation subsidence.

For reservoir with an initial hydrate saturation of 70%
(the hydrate distribution mode is particle supporting), when
production pressure is greater than 1000 kPa, there is no
inflection point in the curve (see Figure 11), then 1000 kPa
is the critical production pressure, which is less than
2000 kPa calculated on the basis of formation subsidence.

Compared with the optimal production pressure deter-
mined based on formation subsidence in the above section,
when analysis is based on stress-strain curve, the critical pro-
duction pressure is smaller; thus, it is difficult to ensure for-
mation that does not undergo large subsidence. Therefore,

it is of little significance to actual production, and no subse-
quent analysis is conducted.

4. Conclusions

In this paper, production models of different types of hydrate
reservoirs under different BHP were established and we drew
the following conclusions through numerical simulation:

(1) Through sensitivity analysis of various parameters on
formation subsidence, we obtained factors which had
the most significant influence on formation subsi-
dence, that is, BHP and hydrate saturation

(2) Whether formation fails was judged based on forma-
tion subsidence and stress-strain curve, and critical
production pressure of each type of hydrate
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Figure 10: The stress-strain curve of particle-wrapping hydrate reservoir.
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Figure 11: The stress-strain curve of skeleton-supporting hydrate reservoir.
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formation was determined. Through comparison, it
was found that the judgement result based on forma-
tion subsidence was more reasonable

(3) Combining the time required for formation failure
and the cumulative gas production, the optimal pro-
duction pressure of different types of hydrate reser-
voir was determined. For reservoir with an initial
hydrate saturation of 40%, 60%, and 70%, the optimal
production pressure is 3000 kPa, 3000 kPa, and
1000 kPa, respectively

(4) Under optimal production pressure, the cumulative
gas production within 1100 days is 1:89 × 107m3

(Sh = 40%), 4:78 × 106m3 (Sh = 60%), and 1:15 × 107
m3 (Sh = 70%), respectively

(5) Under optimal production pressure, the safe produc-
tion time is 750 days (Sh = 40%), 1100 days (Sh = 60
%), and 940 days (Sh = 70%), respectively

Data Availability

The (model parameters) data used to support the findings of
this study are included within the article.
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