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Abstract: Changes in undrained shear strength are important to the stability analysis of hydrate reser-
voirs during natural gas hydrate production. This study proposes a prediction model of undrained
shear strength of hydrate-bearing fine-grained sediments based on the critical state theory. Several
consolidated undrained triaxial shear tests are conducted on hydrate-bearing fine-grained samples
from the Shenhu area of the South China Sea. The effects of effective consolidation stresses and
hydrate saturations on the undrained shear strength are investigated. The results show that the
undrained shear strength increases linearly with increasing effective consolidation stress. When
the hydrate saturation is greater than the effective hydrate saturation, the undrained shear strength
significantly increases with increasing hydrate saturation. The undrained shear strength of hydrate-
bearing fine-grained sediments is a two-parameter function of effective hydrate saturation and a void
ratio. The instability risk of the hydrate reservoir under undrained conditions is greater than that
of under-drained or partially drained conditions. Furthermore, low-porosity reservoirs face more
shear strength loss from hydrate decomposition yet lower risk than high-porosity ones. These results
can improve the understanding of mechanical properties of hydrate-bearing fine-grained sediments
under undrained conditions. This study also has implications for the design of marine structures in
areas with hydrate-bearing sediment.

Keywords: natural gas hydrate; fine-grained sediment; critical state theory; effective hydrate saturation;
stability analysis

1. Introduction

Natural gas hydrates (NGHs) have been treated as a potential energy resource for
decades because of their vast reserve and wide distribution in nature [1-3]. In recent years,
several countries have carried out a series of production tests in the field to evaluate the
possibility of different methods for the commercial production of NGHs [4-8]. The results
clearly indicate that depressurization is a method with the highest production efficiency
and the maximum probability of being commercialized [9-14]. The application effect
of depressurization to marine NGHs is largely controlled by the hydraulic permeability
of hydrate-bearing sediments which is highly stress dependent [15-19]. The stress of
hydrate-bearing sediments generally increases during depressurization, and mechanical
properties of hydrate-bearing sediments weaken due to NGHs dissociation [20-22]. In
addition, NGHs dissociation can also be driven by climatic, oceanic, and geologic pro-
cesses [23-27], and ultimately has a great potential to cause shear failures and trigger
various geohazards [28-31]. In particular, for hydrate deposits in the Shenhu area of the
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South China Sea [32,33], the fine-grained hydrate-bearing sediments are of low hydraulic
permeabilities, and this implies that pore water and gas produced by NGHs dissociation
due to underlying warm oil extraction and global warming can hardly flow out of pores
in a short period, corresponding to an undrained condition [15,34-36]. Undrained shear
properties of hydrate-bearing fine-grained sediments are of great significance to the stability
of marine sediments and overburden structures.

Mechanical properties (e.g., shear strength, stiffness, and dilatancy) of hydrate-bearing
sediments are largely dependent on hydrate saturation (i.e., a ratio of hydrate volume to the
total pore volume) and hydrate pore habits [37-39]. With regard to mechanical properties,
the hydrate pore habits mainly include pore-filling, load-bearing, and grain-cementing [40].
Debonding and/or crushing of NGHs within pores of coarse-grained sediments will occur
during shearing [41]. However, the failure mechanism of hydrate-bearing fine-grained
sediments has not been well understood since whether the cementation between clay and
silt particles by NGHs exists or not remains elusive [42,43]. There is no doubt that NGHs
behave as a solid filler of host sediments to reduce the effective void ratio (i.e., a ratio of
fluid-occupied pore volume to the solid volume) of hydrate-bearing sediments [44—46],
and the alteration of the effective void ratio affects the undrained shear strength of hydrate-
bearing fine-grained sediments. For example, Yoneda et al. [47] found that there is a
linear relationship between the undrained shear strength and the void ratio of fine-grained
natural cores. Yun et al. [48] reported that the undrained shear strength of saturated
natural cores acquired from the Gulf of Mexico is a function of water saturation. The
enhancement effect to the effective void ratio due to NGHs dissociation is coupled with
a reduction effect by compression deformation because of the increasing effective stress
during depressurization. This makes it very challenging to predict the undrained shear
strength of hydrate-bearing fine-grained sediments. Several prediction models have been
proposed based on the Mohr-Coulomb criterion [49,50], and the models can give acceptable
results in certain circumstances.

Critical state soil mechanics provides a theoretical framework to predict the undrained
shear strength of saturated hydrate-free sediments with different void ratios [51]. The
enhanced undrained shear strength of hydrate-bearing sediments can be captured by using
an extended yield surface [52]. The extended yield surface in p’—q space is shown as a
thick line in Figure 1, and the extension is an explicit product of multiple effects caused
by the presence of NGHs. For details, Effect I represents that hydrate-free sediments can
reach point A under an effective mean normal stress p|, indicating the yield surface of
hydrate-free sediments shown as a thin solid line. The extension expressed as Effect II in
the figure represents the observed strength enhancement due to the presence of NGHs
within pores of marine sediments [53]. Since NGHs within pores have the potential to
hinder volumetric deformation during consolidation [54], the void ratio of host sediments
is generally larger than that of hydrate-free sediments when the effective mean normal
stress is the same. This indicates that the yield surface of host sediments shown as a thin
dashed line in Figure 1 is smaller than that of hydrate-free sediments, corresponding to
the weakening effect (i.e., Effect III) of NGHs on the host sediments [55]. From this point
of view, the intrinsic strength enhancement due to the presence of NGHs expressed as
Effect IV in the figure is larger than the observed strength enhancement. For prediction
model developments for mechanical properties (e.g., the undrained shear strength) of
hydrate-bearing sediments, the intrinsic void ratio and shear strength enhancements due
to the presence of NGHs within pores should be jointly considered.

To investigate the effects of effective consolidation stresses and hydrate saturations
on the undrained shear strength on hydrate-bearing fine-grained sediments, this study
performs undrained triaxial shear tests, and the experimental results are further used to
validate a prediction model proposed based on the critical state theory in this study. The
host sediments for hydrate formation are remodeled by using natural sediments acquired
from the Shenhu area of the South China Sea, and the joint effect of hydrate is considered
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in the prediction model. This study has great potential to facilitate geotechnical designs of
marine and submarine structures overlying hydrate-bearing sediments in nature.
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Figure 1. Yield surfaces in p’—q space for hydrate-free (the thin solid line) and hydrate-bearing (the
thick solid line) sediments. The symbol p’ stands for the effective mean normal stress, and ¢ for the
generalized shear stress. The abbreviation CSL represents the critical state line of soils.

2. Experimental Program
2.1. Experimental Apparatus and Materials

The experimental apparatus used in this study for undrained triaxial shear tests on
hydrate-bearing sediments is upgraded from a commercialized triaxial shear test system
manufactured by the Jiangsu Yongchang Science and Education Instrument Limited Com-
pany. A high-pressure test cell, resisting inner pressure up to 25 MPa, is applied instead
of classic clear acrylic chambers, and an air bath is added to lower the temperature for
hydrate formation. The load frame for triaxial shearing has a capacity of 250 kN, and
the strain rate can be well controlled at a selected value ranging from 0.001 mm/min to
3 mm/min. A linear variable differential transformer (LVDT) produced by the Shanghai
Tianmu Company is applied to measure the axial displacement, and the comprehensive
accuracy is 0.1% of full scale (F.S). The axial force during triaxial shearing is measured by
using a stress sensor with a comprehensive accuracy of 0.2% E.S. For more details about the
apparatus, please refer to Dong et al. [56].

Clayey and silty sediments acquired from the Shenhu area in South China Sea are used
to remodel host sediments for hydrate formation in this study. The grain size ranges from
~1 um to 200 um, and the median grain size is 13.9 um. For more information about physical
properties of marine sediments, please refer to Wei et al. [57]. Since methane hydrate
formation within pores of fine-grained sediments is technically difficult and extremely
time-consuming, tetrahydrofuran (THF) is selected as an analog of methane gas to form
hydrate with pore water. Previous studies have shown that physical and mechanical
properties of hydrate-bearing sediments are mostly dependent on hydrate occurrence
characteristics [38,39,58]. The pore habit of THF hydrate is generally consistent with that
of NGHs in nature [59]. Therefore, this analog is widely adopted in the gas hydrate
community for experimental studies on mechanical properties of hydrate-bearing fine-
grained sediments [60-62].

2.2. Procedure for Host Sediment Preparation

The procedure for host sediment preparation in this study is briefly summarized
as follows: (i) The natural sediments are air-dried and then well mixed with some THF
solution to acquire an initial solution content of 15% by weight; (ii) the moist sediments are
sealed in a bag to distribute the solution for 12 h; (iii) the moist sediments are remodeled
to form a cylindrical specimen with a diameter of 38 mm and a height of 76 mm as host
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sediments for hydrate formation; (iv) the vacuum method is applied to fully saturate the
host sediments, and the saturation time is longer than 24 h. THF solutions with different
mass ratios of THF and water are used to control hydrate saturation, and a void ratio of the
host sediments is selected according to the porosity logging data.

2.3. Procedure for Hydrate Formation and Triaxial Shearing

In this study, consolidation is conducted before hydrate formation to avoid the hinder-
ing effect of pore hydrate on compression deformation. During the consolidation, the pore
pressure is kept at the atmospheric pressure, and the confining pressure is enhanced by
a rate of 100 kPa/min until a selected effective confining pressure is reached. The whole
period of consolidation is generally longer than 24 h. After full consolidation, saturated host
sediments are cooled, and the temperature is controlled at around 0 °C for 4 days to form
THF hydrate. Then, the temperature is adjusted to 3 °C higher and kept for 2 days to elimi-
nate potential ice within pores of hydrate-bearing sediments. For hydrate-free sediments,
the consolidation and freezing procedures are also applied, but using pure water instead of
a THF solution. Undrained triaxial shearing with a constant rate of 0.04%/min is performed
on hydrate-bearing sediments, and the shearing is stopped when the axial strain reaches
15%. According to ASTM D2216 [63], the water content determined after triaxial shearing
can be used to calculate the effective and intrinsic void ratios of hydrate-bearing sediments.

2.4. Test Design

To simulate the real case in the Shenhu area of the South China Sea [64,65], values of
the initial porosity of host sediments are controlled as 0.525, 0.500, and 0.482, corresponding
to the initial void ratios of 1.105, 1.000, and 0.932. To avoid over-consolidation, values of
the effective confining pressure are set as 1.0 MPa, 2.0 MPa, and 3.0 MPa based on the void
ratio vs. the consolidation stress curve [57]. Values of hydrate saturation are selected as 0%,
30%, and 50%, corresponding to the THF vs. water mass ratios of 0, 0.060, and 0.104 [15].

3. Results
3.1. Effects of Effective Consolidation Stress on the Undrained Shear Strength

Stress—strain curves under different conditions of the effective consolidation stress (i.e.,
confining pressure) are shown in Figure 2. It is obvious that all the curves are strain harden-
ing, in which the generalized shear stress g (i.e., the deviatoric stress for triaxial shear tests)
constantly increases with increasing axial strain €,. Values of the peak deviatoric stress g5
(i.e., two times the undrained shear strength S,,) under different conditions are summarized
in Table 1, and the q-value increases with increasing effective consolidation stress. Values
of the intrinsic void ratio e after triaxial shearing are also listed in Table 1. It is generally
accepted that e-value decreases with increasing effective consolidation stress, leading to
higher g¢-value of hydrate-bearing sediments. Figure 3 shows how the undrained shear
strength of hydrate-free and hydrate-bearing sediments evolves with effective consolida-
tion stress (i.e., confining pressure) and hydrate saturation. It is obvious that the undrained
shear strength S, linearly increases with increasing effective consolidation stress py, and
the fitted slope is 0.57, 0.78, and 1.67 for Sj, = 0%, 30%, and 50%, respectively.

Table 1. Key information of undrained triaxial shear tests on hydrate-free and hydrate-bearing
sediments in this study. (Note ¢y for the intrinsic void ratio of host sediments before consolidation,
p6 for the effective consolidation stress, S;, for the hydrate saturation, q 1 for the peak strength in
stress—strain curves, and e for the intrinsic void ratio of sediments after triaxial shearing.).

eo po (MPa) Sy (%) q; (MPa) e
0 1.16 1.063
1.105 1 30 1.86 1.120

50 7.64 1.051
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Table 1. Cont.

ey po (MPa) Sy (%) q; (MPa) e
0 2.32 0.993
1 2 30 3.72 0.898
50 11.30 0.924
0 3.42 0.917
0.932 3 30 4.98 0.854
50 14.32 0.890
14 @ Sp=0 —=— py=1MPa 14t (b) Sh=30% —=— py=1MPa 14k (©) Sh=50%
—— pj=2MPa —— py=2MPa
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Figure 2. Stress—strain curves of hydrate-free (a) and hydrate-bearing sediments under different
effective consolidation stresses (i.e., confining pressures) ps. The hydrate saturations Sy, are 30% (b)
and 50% (c).

7t —=— Su-0
—e— S5, =30%
6 —e— Sy =50%

=

Sy=22+1.67p),

Su=02+078p)

Undrained shear strength S;, (MPa)
~

Syu= 0.02+0.57 p)

[00 125 1.50 175 200 225 250 275 3.0
Effective consolidation stress pj (MPa)

Figure 3. The undrained shear strength S, of hydrate-free and hydrate-bearing sediments under
different effective consolidation stresses py,.

3.2. Effects of Hydrate Saturation on the Undrained Shear Strength

Figure 4 shows the stress—strain curves of marine sediments with different hydrate
saturations Sj,. It is obvious that the g value increases with increasing S, when the
effective consolidation stress pj, is the same. For example, q; = 2.32 MPa for S, = 0% when
po = 2.0 MPa, q5 = 3.72 MPa for S, = 30%, and g5 = 11.3 MPa for S, = 50%. The increasing
hydrate saturation Sy reduces the effective void ratio of hydrate-bearing sediments, leading
to increasing qr. This is consistent with the results of Yang et al. [20]. In addition, the
stress—strain curves for hydrate saturation equaling 50% are significantly higher than those
for lower hydrate saturations. This indicates that the increasing hydrate saturation Sy,
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has a stronger effect on the elevating g of hydrate-bearing sediments than the increasing
effective consolidation stress pj,. Figure 5 shows the undrained shear strength S, under
different hydrate saturations Sy,. It is clearly shown that the increase is nonlinear, and the
increment of S, for S, increasing from 0% to 30% is significantly smaller than that for S,
increasing from 30% to 50%. This implies that there is a critical hydrate saturation S,
beyond which the undrained shear strength enhancement becomes much more obvious.
The critical hydrate saturation is lower than 30%, and this is consistent with the results of
De La Fuente et al. [66].

14}

Deviatoric Stress q (MPa)
o0
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Figure 4. Stress-strain curves of marine sediments with different hydrate saturations S;,. pj = 1.0 MPa
(a), 2.0 MPa (b), and 3.0 MPa (c).
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Figure 5. The undrained shear strength S, of hydrate-free and hydrate-bearing sediments with
different hydrate saturations Sj,.

4. Development and Validation of a Theoretical Model for Predicting the Undrained
Shear Strength

4.1. Development of the Prediction Model

According to critical state soil mechanics [51], the undrained shear strength S, of
saturated hydrate-free sediments can be predicted by:

Su—Mexp<Fv> 1)

2 A

where M is stress ratio at the critical state; I” is the specific volume intercept of the critical
state line, and A is the slope of the critical state line; v represents specific volume and equals
to 1+ e. In addition, M, I', A, and v are dimensionless parameters.
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Equation (1) represents that the undrained shear strength of saturated hydrate-free
sediments depends on the void ratio regardless of the consolidation history. For saturated
hydrate-bearing sediments, solid hydrate occupies the pore space and reduces the effective
specific volume. However, not all the pore hydrate has obvious effects on mechanical
properties of hydrate-bearing sediments, and an effective hydrate saturation Sy, is adopted.
Yan et al. [67] propose a simple equation to determine Sy, as follows:

She = (Sh — GShe) 2

where ( ) is the Macaulay bracket. When value of S, — {5, is larger than zero, the value
of Sy, is equal to that of S;, — ¢Sy, while the value of Sy, is equal to zero when the value of
Si — GSpe is lower than zero. Values of critical hydrate saturation Sy, are within a range
from 25% to 40% [43], and Sj,. = 25% in this study. Parameter ¢ represents different effects
of different hydrate pore habits, and ¢ = 0 for cementing the hydrate while § = 1 for
non-cementing (e.g., pore-filling and load-bearing) hydrate.

By treating pore hydrate as part of the solid skeleton, the effective void ratio of
hydrate-bearing sediments e, is calculated as e - (1 — Sy.)/(1+e-Sy.). Therefore, the
effective specific volume vy, of hydrate-bearing sediments is expressed as:

1+e

Vh = 1+e'5he

®)

Combining Equations (1)—(3), a prediction model for the undrained shear strength of
hydrate-bearing fine-grained sediments is proposed as:

M r M T res
_ -
SthTQXP( Ah>:2exp( x '”)

She = (Sh — CSic)

4)

Based on the critical state soil mechanics, when sediments reach the critical state,
all the properties of structure within the sediments would be destroyed [51]. Therefore,
parameters M, I', and A are constant corresponding to the host sediments regardless of
hydrate saturation [68,69]. Values of ¢ and Sy, are related to hydrate pore habits [70]. Since
it is difficult to form fully cementing hydrate within fine-grained sediments [43], ¢ is equal
to 1 in this study. Values of hydrate saturation S;, and effective void ratio e are measured
during triaxial shear tests.

4.2. Validation of the Prediction Model

A series of consolidated undrained shear tests on hydrate-free sediments have been
performed [57], and the results are used to fit for parameter value extraction (Figure 6). It
is obvious that M = 1.28, I = 3.25, and A = 0.175. These values are applied in this study,
and the predicted results for hydrate-bearing sediments are shown in Figure 7. It is clearly
shown that the predicted values are well consistent with measured values when the hydrate
saturation is no larger than 30%. However, the predicted results are significantly higher
than the test results for the specimen with a hydrate saturation of 50%. There are two
possible reasons for this discrepancy: (i) the specimen with S, = 50% has a relatively high
density, and shear failure may occur before specimens reach the critical state; (ii) possible
error in the critical hydrate saturation Sy, will lead to uncertainties in the calculated results
of the effective hydrate saturation Sj,,.
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Figure 6. Predicted and measured values of the undrained shear strength S;, of hydrate-free sediments.
The abbreviation NC stands for normal consolidated, and OC for over-consolidated. The measured
values are from Wei et al. [57]. The model used in this figure is Equation (1).
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Figure 7. Predicted and measured values of the undrained shear strength Sy, of hydrate-bearing
sediments in this study. The model used in this figure is Equation (4).

To further explain the effect of 5;,, on the accuracy of the prediction model, values of
the undrained shear strength with different critical hydrate saturations are calculated by
using the prediction model, and the variation curves are shown in Figure 8. Mean void
ratios of 1.078, 0.933, and 0.887 corresponding to p6 =1.0 MPa, 2.0 MPa, and 3 MPa are used
for calculation, and the arrows represent the overall increasing trend of Sj. It is shown
that the undrained shear strength decreases with increasing critical hydrate saturation. The
test results with a hydrate saturation of 30% are on the curve with Sj. = 0.25, while the test
results with a hydrate saturation of 50% are near the curve with S, = 0.30. Therefore, it
can be inferred that the difference in prediction accuracy depends on the value of critical
hydrate saturation Sj.. The results also indicate that mechanical properties of hydrate-
bearing sediments are dependent on hydrate pore habits. For pore-filling hydrate, its effect
only occurs when hydrate saturation S;, exceeds its effective hydrate saturation Sy, [66]. The
magnitude of effective hydrate saturation Sy, is controlled by the critical hydrate saturation
Spc according to the proposed model in this study. Therefore, the value of critical hydrate
saturation is crucial for the accuracy of model prediction results. Based on the comparison
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between the experimental data and theoretical calculation results shown in Figure 8, an
empirical model is proposed to correct the effective hydrate saturation Sy,

She = (Sp — G(Sp +a) - Spe) @)

where a is an empirical parameter, and a = 0.7 in this study.

12 12 12
= (a) —e— Experimental data = (b) —e— Experimental data = . (©) —e— Experimental data
el _ e |l - _ a S D R _
S 10 She=0.25 S 10 She=025 Siob She=0.25
E ----- She=03 E E
W o She=035 @ g @ gl
= = =
E" She=04 ‘g,, )
o o =1MPa, e=1.078 L L
Z 6 Py £ 6 56
= = =
3 She 3 5
£ 4 5, £ 4l
o ] o
o L L
= = =
< 2 < 2 < 20
= = =
o] j) =)

0.5 0.4 0.3 0.2 0.1 0.0 0 0.5 0.4 0.3 0.2 0.1 0.0 0.5 0.4 0.3 0.2 0.1 0.0
Hydrate saturation Sp Hydrate saturation Sp Hydrate saturation Sp

Figure 8. Effects of the critical hydrate saturation Sy, on the undrained shear strength of hydrate-
bearing sediments Sy, under different consolidation stresses p6 = 1.0 MPa (a), 2.0 MPa (b), and
3.0 MPa (c). Colored dashed lines are drawn by using the prediction model of Equation (4).

Thus, the modified prediction model is expressed as:

M Ir— 1+1e+§
Shu="%5% exP<A M) ®)
She = <Sh - (Sh =+ a)shc>

The prediction results calculated by using the modified prediction model are compared
with the experimental data (Figure 9). It is shown that the corrected prediction results agree
well with the experimental results. It is concluded that the undrained shear strength of
hydrate-bearing fine-grained sediments is jointly affected by the effective hydrate saturation
Sje and the effective void ratio e. The accuracy of the effective hydrate saturation Sy, is
dependent on value of the critical hydrate saturation Sy,..

12

e Sp=0
— 209,
oL ® Sh=30%
a  Sp=50%
5 5l
[ A
=
A
=
w» g+
o
]
% 4 r 1+e
o T T+e S
- 4r Shuz%exp( 1A - )
) She ={Sn —&(Sn + a) - Spc)
o = She= 025.a= 0.7.E= 1
®
(3
% ) 7 6 g 10 12

Measured Spy (MPa)

Figure 9. Predicted and measured values of the undrained shear strength of hydrate-bearing sedi-
ments Sy, in this study. The model used in this figure is Equation (6).
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5. Implications to the Production of NGHs in Nature

Values of S, with different hydrate saturations and porosities are calculated by using
the modified prediction model, and the variation curves are shown in Figure 10. It is shown
that hydrate dissociation obviously leads to a reduction in the undrained shear strength
of hydrate-bearing sediments. However, if consolidation of the sediments is allowed, the
increasing undrained shear strength due to the reduction in porosity would compensate for
the loss in the undrained shear strength caused by hydrate decomposition. For sediments
with an initial hydrate saturation of 0.5 and an initial porosity of 0.525, if the hydrate is
completely decomposed and undergoes consolidated deformation with a final porosity of
0.425. The undrained shear strength before and after hydrate decomposition is almost the
same. However, the equilibrium of undrained shear strength variation is not achieved for
all conditions. For example, for sediments with an initial porosity of 0.475, and all other
conditions being unchanged, the undrained shear strength would not exceed the initial
state even if the consolidation is completed. Although the stability of the reservoirs benefits
from the decrease in porosity, it will in turn greatly reduce the permeability limiting the
extraction efficiency [71]. Therefore, further research is needed to explore the balance of
stability and efficiency.
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Figure 10. Calculated values of the undrained shear strength of hydrate-bearing sediments Sy, under
different conditions of hydrate saturation (a) and porosity (b). Colored dashed lines are acquired by
using Equation (6).

Under the condition that the porosity remains constant with hydrate saturation de-
creasing, the lower the porosity, the more obvious the effect of hydrate decomposition on
its undrained shear strength (Figure 10b). Furthermore, the continued decrease in hydrate
saturation does not cause a further decrease in the undrained shear strength when the
hydrate saturation is lower than 0.233. The hydrate decomposition leads to a decrease in
the density of sediments and thus its undrained shear strength. There is a lower limit of
the undrained shear strength. This lower limit is related to the intrinsic porosity of host
sediments. The magnitude of the lower limit of sediments with low porosity is greater
than that of sediments with high porosity. Therefore, although the loss of undrained shear
strength of reservoirs with low porosity is greater than that of reservoirs with high porosity
during hydrate decomposition, the former has a lower instability risk than the latter.

To summarize, the results are of great potential to the stability analysis of hydrate reser-
voirs in marine and cold environments, and the design of structures for production [72,73].
The instability risk of the hydrate reservoir under undrained conditions is greater than
that of under-drained or partially drained conditions. This is because there is a strength
compensation caused by consolidated deformation although hydrate decomposition causes
a decrease in the shear strength of reservoirs. For example, hydrate reservoirs in the South
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China Sea are mainly composed of fine-grained sediments [33,74]. Since the fine-grained
sediments are of low hydraulic permeabilities, the excess pore pressure caused by changes
in stress states tends to be accumulated within the reservoirs during NGH production. This,
in turn, leads to decreasing effective stress which promotes the possibility of submarine
slope instability.

6. Conclusions

A prediction model of undrained shear strength of hydrate-bearing fine-grained sed-
iments is developed based on the critical state theory. Several consolidated undrained
triaxial shear tests are conducted on remodeled specimens. The effects of effective consoli-
dation stresses and hydrate saturations on the undrained shear strength are investigated.
The prediction model is validated using the test results, and reasonably corrected. The
main conclusions are as follows:

(1)  Values of g increase with increasing effective consolidation stress and hydrate satura-
tion. There is a linear relationship between undrained shear strength and effective
consolidation stress, while when the hydrate saturation is greater than the effective hy-
drate saturation, the undrained shear strength significantly increases with increasing
hydrate saturation.

(2) The undrained shear strength of hydrate-bearing fine-grained sediments is a two-
parameter function of effective hydrate saturation and void ratio.

(3) The instability risk of the hydrate reservoir under undrained conditions is greater
than that of under-drained or partially drained conditions. This is because of that
although hydrate decomposition causes a decrease in the shear strength of reservoirs,
there is a strength compensation caused by consolidated deformation.

(4) The decrease in the undrained shear strength caused by the hydrate decomposition
has a lower limit. This lower limit is related to the own porosity of host sediments.
Low porosity reservoirs face more shear strength loss from hydrate decomposition
yet lower risk than high porosity ones.

Admittedly, there are uncertainties in the effect of hydrate occurrences on parameters
¢ and Sj,.. Especially, since all the hydrate-bearing specimens undergo consolidation before
hydrate generation in the test procedure, the effect of consolidation stress on hydrate
occurrences is not considered. In addition, the validation of hydrate saturations ranged
from 0 to 0.5. The higher hydrate saturation is needed to be further verified. Therefore, it is
necessary to carry out more consolidated undrained triaxial shear tests on hydrate-bearing
fine-grained sediments to improve the prediction model.
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Abbreviations

CSL critical state line

CU consolidated undrained

e void ratio

v specific volume, equals to 1 + ¢

vy specific volume of hydrate-bearing sediments
M stress ratio at the critical state

NC normally consolidated

NGHs natural gas hydrates

OoC over consolidated

Py effective confining pressure

p mean effective stress, equal to (0] + 20%) /3

q deviatoric stress, equal to oy — 03

qf deviatoric stress at failure

SCS South China Sea

Sy hydrate saturation

She critical hydrate saturation

She effective hydrate saturation

Su undrained shear strength, equal to g I /2

Shu undrained shear strength of hydrate-bearing sediments
w water content

£, axial strain

r specific volume intercept of the critical state line
A slope of the critical state line
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