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An elastoplastic model for energy soils considering filling and bonding effects

YUAN Qing-meng!, KONG Liang’2, ZHAO Ya-peng'
1. School of Civil Engineering, Qingdao University of Technology, Qingdao, Shandong 266033, China
2. School of Science, Qingdao University of Technology, Qingdao, Shandong 266033, China

Abstract: The filling and bonding effects of hydrate increase the compactness and strength for gas hydrate-bearing sediments(GHBS),
which makes the GHBS exhibiting properties similar to dense sand or cemented soil. Under the frame of unified hardening model of
clay and sand (CSUH model), the mechanical properties of GHBS are summarized firstly, and a compressive hardening parameter is
introduced to describe the isotropic compression characteristics of GHBS under the double influences of filling and bonding of
hydrate. A bonding parameter is put forward to modify the yield function, and an evolution rule of bonding effect is also proposed.
The state parameters are used to adjust the dilatancy equation to reflect the dilatancy and softening depending on density. Thus, an
elastoplastic model is developed, which can describe the strength, stiffness, shear dilation and strain-softening of GHBS. The model
coded and tested, and the simulation results are compared with the experimental ones of GHBS. The results show that the proposed

model can well describe the stress-strain relationship, shear contraction with hardening and shear dilation with softening for GHBS.

Keywords: gas hydrate-bearing sediments; compressive hardening; bonding strength; dilatancy; CSUH model

1 Introduction

As a new energy source, gas hydrate (abbreviated
as hydrate, commonly known as combustible ice) is
widely distributed in the submarine strata. It is regarded
as the main clean energy in the 21st century'! with the
advantages of wide distribution, large reserves, high
density, and high heating value. The stable existence
of hydrates in energy soils (gas hydrate-bearing sediments,
GHBS) requires severe temperature and pressure con-
ditions. A little carelessness during drilling and mining
may cause a large amount of gas hydrates to decompose.
With the decomposition of hydrates, the cementation
of soil particles weakens and the porosity increases,
and the energy soil becomes under-consolidated soil or
loose sand. The decomposed natural gas causes the
rapid increase of pore pressure and the decrease of
effective stress which leads to the static liquefaction of
energy soil resulting in submarine landslide!?. Submarine
landslides seriously threaten the safe mining of combustible
ice, destroy hydrate deposits, and even cause the des-
truction of the submarine ecological environment and
the greenhouse effect'?. Therefore, one of the prerequisites
for ensuring the safe mining of combustible ice is to
study the mechanical properties of energy soil and
construct a reasonable constitutive model for energy
soils, and then to solve the strength and deformation
problems of submarine energy soil encountered in the
mining process from the perspective of geotechnical
engineering.
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Winters et al.’! synthesized indoor methane hydrate
sand samples by using self-developed high-pressure
and low-temperature hydrate triaxial apparatus, and
carried out a series of studies such as acoustic wave
characteristic test and triaxial shear test, and obtained
a preliminary understanding of mechanical properties
of energy soil. Masui et al.™ prepared pore-filled and
cemented energy soil samples with two hydrate occurrence
modes through different sample preparation methods,
and conducted triaxial shear tests. Yun et al.>) and Wu
et al.[! have also carried out similar material tests on
energy soil. The test results show that the content and
occurrence mode of hydrate in the energy soil are
different, and the mechanical properties are also
different. Sultan et al.l”! and Yan et al.®! analyzed the
occurrence modes of hydrates. Based on the experi-
mental research results and analysis, some consensus
on the mechanical properties of energy soil was reached:
hydrate is filled in the pores of the matrix material
which improves the compactness and cohesion of the
energy soil and increases the stiffness and strength of
energy soil, but has little effect on internal friction angle
and Poisson's ratio.

Based on a large number of experimental data, the
research on constitutive model of energy soil is also
gradually developed. According to the fitting results of
test data, Miyazaki et al.”’) defined the expression of
tangent modulus related to hydrate saturation (Sh), ob-
tained the tangent Poisson's ratio related to matrix materials
by using the least square method, and established a
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non-linear elastic model of energy soil. However, the
volumetric strain was not discussed in the model.
Within the framework of critical state soil mechanics,
Uchida et al.' considered the dilation and cohesiveness
of energy soils, and modified the yield surface equation
of the modified Cam-clay model (MCC model). The
stress-strain  relationship and volume deformation
relationship of the energy soil were obtained by using
the associated flow rule, but it was difficult to deter-
mine the hydrate saturation in the mechanical sense
through experiments. Sultan et al.l”! analyzed the
influence of hydrate on the mechanical properties of
energy soil. Starting from the isotropic compression
characteristics of energy soil, a constitutive relationship
suitable for energy soil was proposed by introducing
parameters related to hydrate saturation to modify the
hardening law. The comparison between the test and
prediction results shows that hydrate provides additional
strength for energy soil, and the additional strength
gradually declines at the strain-softening stage, so
hydrate does not affect the residual strength of energy
soil. Lil'! established a new elastic-plastic constitutive
model for seabed gas hydrate sediments based on the
data obtained from a large number of experimental
studies. This model was combined with the secondary
loading surface theory and considered the influence of
natural gas hydrate on the shear dilation and the cohesion
of sediments. Zhang et al.'' introduced Weibull distribution
and residual strength correction coefficient into the
damage statistical constitutive model, and established
the damage statistical constitutive model of hydrate
sediment considering the influence of damage threshold
and residual strength. The prediction curve is in good
agreement with the test data curve of Masui et al.l*!

From the experimental results of the energy soil
and the key research content of constitutive modeling,
it can be found that the influence of hydrate on the
mechanical properties of energy soil is mainly based
on filling and bonding, which makes the energy soil
similar to dense sand or cemented soil. To explain and
describe the basic characteristics of energy soil, the
existing elastoplastic constitutive model can be used
after promotion. By introducing appropriate parameters
and establishing its evolution law to reflect the filling
and bonding effects of hydrate, an elastoplastic constitutive
model of energy soil can be established.

Based on the classic MCC model, Yao et al.l'3-14
proposed a unified hardening model (UH model) by
proposing a unified hardening parameter independent
of the stress path. The parameters of UH model are the
same as those of MCC model, and can reasonably describe
the complex characteristics of special soil, such as shear
contraction, dilation, hardening, softening and stress
path. In recent years, Yao et al. '] further proposed a
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unified hardening model for clays and sands (CSUH
model) based on the UH model which not only can
describe the over-consolidation characteristics and
compactness of clay and sand, but also can regress to
UH model and further degenerate into MCC model.
Under the framework of CSUH model, this paper
introduces the hardening parameter to describe the
influence of hydrate filling and cementation on the
compressive strength of energy soil, introduces the
cohesive strength to modify the yield function, and
uses the state parameters to adjust the dilation equation
to reflect the dependence of the dilation and softening
characteristics of the energy soil on the compactness.
The CSUH model is extended to establish an elastic-
plastic constitutive model that can describe the strength,
stiffness, dilation and softening of energy soil.

2 Influence of hydrate on mechanical
properties of energy soil

Many scholars studied the influence of hydrate on
the mechanical properties of energy soil by triaxial tests.
Based on different research perspectives, different scholars
have different descriptions of the influence mechanism
of hydrate . However, regardless of the mechanical
mechanism of hydrate affecting the characteristics of
energy soil, the filling and bonding effects of hydrate
on soil matrix have been generally recognized, that is,
the filling and bonding effects of hydrate jointly affect
the mechanical properties of energy soil.

This section summarizes the influence of the filling
and bonding effects of hydrate on the mechanical behavior
of energy soil by analyzing the existing test results,
which are mainly manifested in the following aspects:
2.1 Compression characteristic

Compression characteristic is that the modulus of
the soil in the compression process increases with the
increase in density, that is, the compressive hardening.
Figure 1 shows the result of a one-dimensional consol-
edation test conducted by Kim et al.l'” on energy soils
with different hydrate saturation, where Sy is the water
content of the sample before preparation which can
reflect the size of Sy; o, 1is the vertical stress; and e is
the void ratio. It can be seen that:

(1) When o, <100 kPa, the void ratio of energy
soil is smaller than that of normally consolidated soil
which is caused by the filling effect of hydrate on energy
soil.

(2) With the increase of o, , the compression curve
of energy soil is located above the normally consolidated
soil, and the curvature is relatively gentle. As Sh, increases,
the change in void ratio Ae caused by the same stress
increment Ac, becomes smaller, and the energy soil
exhibits characteristics similar to that of cemented soil
or structured soil which reflects the bonding effect of
hydrate on the energy soil.



YUAN et al.: An elastoplastic model for energy soils considering filling and b

2306 YUAN Qing-meng et al./ Rock and Soil Mechanics, 2020, 41(7): 2304-2312

(3) When o, is greater than a certain pressure, the
slope of the compression curve of energy soil increases
rapidly, indicating that the bonding effect caused by
hydrate begins to decline rapidly. When o, is extremely
large, the bonding effect of the energy soil is completely
lost, and the compression curves are roughly parallel,
and the slopes are almost the same.

The slope
o~increases

1.6 F ¢ Svw=63%

14 A S,=47%

T o S.=28%

1.2 F o §,=0

140 1 1 J
10! 102 10° 10*

oy /kPa

Fig.1 Effect of Sh on compression characteristics!!”!

Since one-dimensional compression and isotropic
consolidation have similarities in the methods of des-
cription and considering the above-mentioned compression
characteristics of energy soil, the compression curve
expression proposed by Sheng et al.l'8! in the Ine-Inp
double logarithmic coordinate system is used to describe
the normal consolidation line (NCL) of the energy soil:
lnezlnN—/Iln(p+pr) (1)

where A is the slope of the compression curve, reflecting
the shape of NCL; N is the void ratio of energy soil
when p+p; =1 kPa which determines the position of
NCL; p is the average principal stress; and pr is the
model parameter which controls the change of the
slope of the compression curve.

Figure 2 is the schematic diagram of Eq. (1) in e-Inp
space. It can be seen that NCL changes in position and
shape with the changes of N and p: , and when p; = 0,
NCL is approximately a straight line.

It can be seen from Fig. 2 that N and pr jointly reflect

the influence of hydrate on the void ratio of energy soil
through Eq. (1), and the change of their values makes
the energy soil show the compression characteristics
of dense sand, cemented soil or structural soil. The void
ratio of the energy soil declines due to the compacting
effect of hydrate while the bonding effect allows the
energy soil to maintain a larger void ratio. For simplicity,
N is expressed as a linear function of Si:
N =N, +kS, )
where kn is the proportion coefficient that reflects the
influence of hydrate on the void ratio of energy soil;
and Ny is the void ratio of the matrix material at p=
1 kPa.

Published by Rock and Soil Mechanics, 2020
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Fig.2 NCL for GHBS in e-Inp space

To explore the physical meaning of py, the curvature
K1 of NCL versus Inp is drawn, as shown in Fig. 3. K.
reflects the bending degree of energy soil NCL. It can
be seen that Ki has a maximum value when p=pr,
which indicates that the slope of NCL shown in Figs. 1
and 2 begins to increase when p=p,, and the bonding
effect begins to decline. According to the aforementioned
analysis of the influence of hydrate filling and bonding
effects on the hardening of energy soil, p; can be defined
as the hardening parameter. Combined with the author's
previous research foundation!'”) the relationship between
prand S, satisfies the exponential relationship:
p=aS) 3)
where «, and p are model parameters that reflect the
influence of hydrate on the hardening of energy soil.

Kk A

o P=p: Inp
Fig.3 Relationship between curvature K1 and mean
effective stress p

2.2 Friction and cohesive strength

Zhang et al. ?% drew the Mohr's circle of energy soil
according to the test results, as shown in Fig.4. o and
r are principal stress and shear strength while ¢ and ¢
are cohesion and internal friction angle, respectively.
The strength characteristics (i.e. friction) of energy soil
in the shear process is different from that of normally
consolidated soil. Due to the bonding effect of hydrate
on soil skeleton, energy soil has a cohesive force and
has higher potential strength. At the same time, it is
found that the difference in internal friction angle
between energy soil and common soil is not obvious,
that is, the internal friction angle remains almost
unchanged. Therefore, the potential strength of energy
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soil is not only related to the average principal stress p,
but also to the cohesion caused by hydrate.

770N N
c
X

o o
Fig.4 Schematic plot of Mohr circle of GHBS

Pinkert et al.>!! pointed out that the occurrence form
of hydrate is not constant during the deformation process
of energy soil. For example, the bonding effect of hydrate
increases the strength of energy soil. During the defor-
mation process, the strength is reduced due to the broken
cemented structure. At the same time, hydrate particles
will be filled in the pore space, thus reducing the void
ratio of energy soil, which makes the energy soil behave
like dense sand. To reflect the dependence of potential
strength of energy soil on hydrate filling and bonding
effects, cohesive strength p; is introduced in this paper
based on the description of friction property of normally
consolidated soil by MCC model. The critical state line
(CSL) of energy soil is described by the following
formula:
q=M(p+p) (4)
where M is the critical stress ratio; and ¢ is the deviator
stress.

2.3 Stress—strain relationship and shear dilation

Compared with the ordinary soil without hydrate,
the energy soil shows some special mechanical properties
in the triaxial shear process, as shown in Fig. 5:

(1) The strength of energy soil increases with the
increase of effective confining pressure and Sy Bl As
shown in Fig.5, &, is the shear strain. When the effective
confining pressure is low or Sy is small, the softening of
the energy soil is not obvious. As the effective confining
pressure or Sy increases, the slope of the initial part of
the energy soil stress-strain curve increases gradually,
and the peak strength also increases. And the softening
phenomenon is gradually obvious after reaching the
peak.

(2) The dilation of energy soil is closely related to
the effective confining pressure and Sh 4. As shown in
Fig. 5(b), &, is the axial strain and ¢, is the volume
strain. When Sy, is the same, the smaller the effective
confining pressure is, the more obvious the dilation of
the energy soil is. Under the same effective confining
pressure, with the increase of Sp, the dilation of the
energy soil increases.

It can be seen from Fig. 5 that under the influence

https://rocksoilmech.researchcommons.org/journal/vol41/iss7/5
DOI: 10.16285/j.rsm.2019.7115

of hydrate filling and bonding effect, the mechanical
behavior of energy soil is similar to dense sand, over
consolidated soil or cemented soil, and its potential
strength changes dynamically during the shearing process.

A The effective confining
1 increases
Sh increases

o &
(a) Deviator stress versus axial strain curves of conventional

drained triaxial tests

Sh increases
The effective confining
decreases

o &

(b) Volumetric strain versus axial strain curves of conventional

drained triaxial tests

Fig.5 Typical schematic plot of mechanical
behavior of GHBS

In conclusion, the influence of the filling and bonding
effects of hydrate on the mechanical properties of energy
soil is mainly manifested in several aspects such as co-
mpression characteristics, cohesive strength, stress-strain
relationship and dilation, which makes the mechanical
properties of the energy soil different from those of
normally consolidated soil.

3 Elastoplastic constitutive model of energy
soil
3.1 Hardening law

According to Eq. (1), when the consolidation stress
increases from po to px, the plastic volumetric strain is
e’.pxand &' satisfies the relationship:

p
-gv

1+e
pxz(p0+pr)exp[ ]_pr (5)
A-K e

where « is the slope of the unloading curve.
Equation (5) is the hardening law expression obtained
from the test of isotropic consolidation compression
under a special stress path. It can not reflect the softening
and significant dilation characteristics of energy soil
strength. Therefore, it can not be directly applied to
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the modeling of energy soil.

The hardening parameters of energy soil should be
independent of the stress path and contain parameters
reflecting potential strength. Yao et al. ["*! introduced
factors related to the stress path in the CSUH model,
and corrected the components related to the stress path
in the plastic strain increment, that is, the unified
hardening parameter A was used to replace ¢’ in Eq.
(5). The same method is used in this paper:

l+e H
P =(py +1vr)e><p(—'—)—pr (6)
A—-K e

H is expressed as:

4 4
—del [ @)

R(m) M"-n
where M is the potential strength of the energy soil and
7 is the stress ratio.
3.2 Yield condition
3.2.1 Yield surface function

The yield surface of MCC model is an ellipse with
the origin and (px, 0) as the two endpoints in p-g coordinate,
as shown in the dotted line in Fig. 6, and the expression
is shown in the following formula. The CSUH model
is modified by introducing a critical state parameter to
change the shape of the yield surface. In order to reduce
the number of model parameters and simplify the
calculation, this paper does not consider the change of
yield surface shape. The yield surface expression of
MCC model is modified to establish the yield function
fof energy soil.

f=¢+M’p(p-p,) (8)

-]

q A

Yield surface
considering
bonding strength

CSL ,
-“ CSL

R

e " Yield surface of MCSmodel

Pt 0 DPx P

Fig.6 Schematic diagram of yield surface

As mentioned above, the filling and bonding effects
of hydrate jointly improve the potential strength My of
energy soil, and then affect the compressive strength
Px, as shown in Eq. (6). At the same time, the bonding
effect of hydrate makes the energy soil have the tensile
strength, and the yield surface equation should reflect
this characteristic. Therefore, the cohesive strength py
of energy soil is introduced so that the yield surface
and the negative semi-axis of the p-axis intersect at the

Published by Rock and Soil Mechanics, 2020

point (-py, 0). Correspondingly, the CSL line also crosses
the point (-py, 0), as shown in Eq. (4). The cohesive
strength of the energy soil gradually declines during
the loading process, and the CSL line gradually shifts
to the right and eventually approaches the origin. Based
on this, this paper modifies the yield surface equation
so that the modified yield surface equation applies to
the energy soil:

f=a+M*(p+p)p-p) ©)

Substituting Eq. (6) into Eq.(9), the yield surface
equation with plastic volumetric strain &' as the
hardening parameter is obtained:

2 p
S| ZEP [ PEP TS g (10
Pyt P p+p. M7 ) ec

p

where the stress ratio 7=q/(p+py); c,=( 1 - « )/(1+e) which
can reflect the plastic stiffness.

The yield surface equation of energy soil can be
obtained by substituting &’ in Eq. (10) with the uniform
hardening parameter H. Compared with the MCC model,
the following formula comprehensively considers the
filling and bonding effects of the hydrate.

2
fetn| ZXPC | | 2E2 T H gy
Dot P: p+tp. M™) e

p

3.2.2 Evolution law of cohesive strength

In the research on cemented soil, most of the existing
results assumed that the cohesive strength evolution
law is a function of plastic strain. For example, Sun et al.*?
assumed that the cohesive strength is an exponential
function of plastic shear strain. Rouainia et al.**! assumed
that it was a function of plastic strain. Suebsuk et al.**!
assumed that the cohesive strength is inversely proportional
to the average principal stress p.

According to the method proposed by Uchida et al.['%,
this paper assumes that cohesive strength and Sy satisfy
the exponential relationship as shown by the following
formula:

po=aS) (12)

where «, and B are model parameters which can reflect
the cohesive strength. When Si, =0, the cohesive strength
of normally consolidated soil is 0.

Under the framework of geotechnical elastoplastic
theory, the magnitude of the plastic strain increment is
represented by the plastic scalar factor 4. In this paper,
combining the research of Zhang!>® and Hul®®, it is
assumed that the increment dp is proportional to 4 and
is related to the current p; and p. The evolution law of
structural cohesive strength is

2
dp, =—(1+e) 2 4 (13)
P

where « is a material parameter, which determines the
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rate of decline of cohesive strength of energy soil.

The curve of cohesive strength with shear strain
under different a is shown in Fig. 7. It can be seen that
with the increase of a, the cohesive strength declines
faster.

3.3 Flow rule
3.3.1 State parameter and potential strength

The internal state of the sand material is constantly
changing during the loading process, and it will eventually
become stable. During the deformation process of energy
soil, the dilation and compression of the yield surface
can reflect the change of the internal state. This change
process reflects the evolution process of the potential
strength of the energy soil. The CSUH model!'*! used
the state parameters related to the current void ratio to
reflect the dynamic changes of the strength. The state
parameter is defined as

2000
1500

1 000

pi/kPa

500

0 5 10 15 20 25
&1%

Fig.7 Evolution of bonding strength with shear strain

S=e,—e (14)
where e is the void ratio in the e-Inp space when the
stress ratio is 7. Combined with Eq. (1), the calculation
formula of e, is

e, =exp[In(N) - Aln(p + p,)] - Ae, (15)
where Aepis the change in void ratio when the stress
ratio increases from 0 to 7 under the path of equal p.

Aep can be obtained according to Eq. (10):
Ae, =e(A—k)-

2 16
ln[p+ptj+ln(p+p‘+n—2] (16)
Do+ D p+p, M

The potential strength Mr can be expressed as a
function of state parameters as

M; =M exp(mgs) 17)
where m is the dilation parameter; and ¢ is the state
parameter.

3.3.2 Plastic potential function

The expressions of the plastic potential function and
yield function are the same when using the associated
flow rule:

https://rocksoilmech.researchcommons.org/journal/vol41/iss7/5
DOI: 10.16285/j.rsm.2019.7115

2

g=ln| LEP || 2EPe 1 o g
Pot Dy p+tp. M") ec

p
where g is the plastic potential function.
3.4 Elastoplastic matrix
From Eq. (1), the formula of elastic modulus E of
energy soil can be obtained:

p==200%0) oy (19)
Ke

The consistent function of the yield function is

dfzzdp+gdq+idpt +idH =0 (20)
op oq 19 OH

t

Substituting Egs. (7) and (13) into Eq. (20), the plastic
scalar factor is obtained:

/1=l(Kgdgv +3Galdgsj 21
B\ op oq
where
=g ;+Kg +3G(g)2+
op | ec,R(n) op oq 22)
of a(l+ e)p;
p, p

where K=F/[3(1-2w)]; G =E/[2(1+)]. K and G are the
bulk modulus and shear modulus of energy soil, respe-
ctively; and u is the Poisson's ratio.

The stress-strain relationship in the matrix form is
derived as follow:

dp — DPP qu dgV (23)
dq D, ap D, qq dgs

where
2 2
Dpp:K_K_(z]
B\ op
KGO
. B 0opdq (24)
KGO
* B poq
P 2
=362
B \ 0q

4 Model prediction

4.1 Model parameters

There are 12 parameters in the model:

(1) 4, x, i, M, and m are the physical parameters
of Toyoura sand.

(2) Mo, kn, @, , and B, can be determined through
consolidation tests of energy soil with different Sp. In
addition, the parameters can be obtained by fitting the
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initial tangent modulus of energy soil according to Eq.
(19) since Ny and kn determine the initial void ratio of
the energy soil (Eq. (2)), and «, and g determine the
compressibility parameter p; (Eq. (3)).

(3) @, and B can be determined by cohesive
strength which is obtained by the common tangent of
the Mohr's circle based on the triaxial test data.

(4) a is obtained by fitting the test data of energy
soil. Zhang et al.l*! provided the empirical values of a.
Considering that the energy soil and its test conditions
are different from ordinary soils, a is obtained by fitting
the test data in this paper. The decline rates of cohesive
strength of energy soil with the same occurrence mode
and shear rate are the same. Therefore, when the test
results agree with the predicted results well, only a set
of test results are needed to determine the parameter a.
4.2 Model prediction

Masui et al. ¥ used Toyoura sand and methane gas
to prepare energy soil samples with different S, when
the initial void ratio was 0.65. Then triaxial drained tests
under an effective confining pressure of 1 MPa were
conducted. The proposed model in this paper is used to
predict Masui's experimental data, and the parameters
are shown in Table 1.

Figure 8 is the prediction result of the energy soil
test conducted by Masui et al.[*l. The model prediction
fits the experimental data well. The greater the S is,
the more obvious the filling and bonding effects is, which
also leads to a greater corresponding initial stiffness,
and a greater corresponding peak strength. After reaching
the peak strength, the energy soil gradually tends to the
critical state and exhibits strain-softening. Eventually
the same residual strength is reached.

Masui et al.” gave the volume variation data of the
two experiments with S, =0 and S, =40.7%. Figure 9 is a

Table 1 Model parameters

comparison diagram of the prediction curve and the
experimental data. It can be seen that the model in this
paper can describe the shear-induced contraction and
dilation of the energy soil. With the increase of Sy, the
dilation is more obvious. This is because the larger the
Sh is, the more obvious the compaction and bonding
effect of energy soil is. On one hand, the occlusive
effect between particles is gradually reflected, resulting
in the reduction of energy soil shear contraction and
even the occurrence of shear dilation. On the other hand,
as an additional strength of energy soil, the destruction
of cementation structure reduces the cohesive strength
of energy soil, which makes the energy soil expand
slightly.

To study the mechanical behavior of energy soil
under different effective confining pressures, Masui et al. ¥
conducted drainage tests on energy soils with similar
Sh (34.8%, 34.3%, 33.7%) under effective confining
pressures of 1, 2, and 3 MPa. The experimental data are
shown as the scatter points in Fig.10. The solid line in
the figure is the prediction curve of the model in this
paper.

Figure 10 shows that the proposed model can predict
the characteristics of energy soil under different effective
confining pressures well. It can reflect the characteristics
that the strength of energy soil increases with the increase
of effective confining pressure. Masui et al. [l did not
provide the volume change data corresponding to Fig.10.
In this paper, the volume change data is predicted by
using the proposed model, and the prediction curve is
shown in Fig. 11. The energy soil first contracts and then
dilates rapidly. The dilation becomes more obvious with
the decrease of effective confining pressure which means
this model can reasonably reflect the dilation of energy
soil.

A K 1% M No kn a,/MPa b o /MPa B a m
0.135 0.01 0.3 1.25 2.40 1.21 3.92 0.004 1.02 0.003 1 0.063 7 3.17
10 - o S,=55.1% 90 - Modpl_ Experimental
o prediction  data
& 5y=40.7% —— 5,=55.1% & $,=40.7%
8 | o $,=257% “15F .. 5,=40.7% o S,=
o 5 =0

—— Model prediction

q /MPa

&%

Fig.8 Comparison between predicted and experimental
results for deviator stress versus axial strain 4l
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--- Su=25.7%

&%
Fig.9 Comparison between predicted and experimental
results for volumetric strain versus axial strain 4]
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q /MPa
(=)

Bopp,
a  S,=33.7%, effective confinfipre ¢ of 3 MPa
o S, =34.3%, effective confining pressure of 2 MPa
=]

2k Sh=34.8%, effective confining pressure of 1 MPa
0 Mocllel predictior} ) )
0 5 10 15 20

&%
Fig.10 Comparison between predicted and experimental
results for deviatoric stress versus axial strain 4

-10  Model prediction
Sk =34.8%, effective confining pressure of 1 MPa

2 1 1 L )
0 5 10 15 20

& /%

Fig.11 Predicted volumetric strain versus axial strain

Figures 8—11 show the rationality of the proposed
model in this paper. To further verify the applicability
of this model, the experimental data by Hyodo et al. 7]
are used for comparison. Hyodo et al.’”] used the same
sand, preparation method and shear rate as Masui et al.[*"
Therefore, the parameters of the model A, x, 1, M, m
and a are the same as those in Table 1. Other parameters
can be found in Table 2.

Table 2 Model parameters
Ny hn o, /MPa B o /MPa i3
2.9 1.79 45.38 0.246 6 0.1 0

Figure 12 is the comparison diagram of stress-strain
behavior between the prediction curve and the test
data. It can be seen that the prediction curve is in good
agreement with the test data. The model can describe
the phenomenon that the initial stiffness of energy soil
increases with the increase of Sp, and gradually changes
from strain-hardening to strain-softening with the increase
of Sh. Since the effective confining pressure in the shear
test of energy soil by Hyodo et al.*” is 5 MPa, which
is higher than that of 1 MPa adopted by Masui et al.[¥],
the model can describe the softening phenomenon of
energy soil under lower confining pressure and higher
hydrate saturation (Fig. 8 and Fig. 10).

Fig.13 shows the comparison between the prediction
and the test data of Hyodo et al.””.. The model prediction

https://rocksoilmech.researchcommons.org/journal/vol41/iss7/5
DOI: 10.16285/j.rsm.2019.7115

fits the test data well. Compared with the test data of
Masui shown in Fig. 9, it can be seen that under high
confining pressure, particle breakage and cementation
structure failure occur, which then causes the change
of volume.

o

o

=

N Sy =24.2%
o 8,=351%
A §,=53.1%

Model prediction

O 1 1 1 )
0 5 10 15 20

&%

Fig.12 Comparison between predicted and experimental
results for deviator stress versus axial strain ?7)

rom 5,=242%
o $,=35.1%
A 85,=53.1%
2 I —— Model prediction AAAAAAAA
pn82

S
3
2
':'|:||:||;||:“:l:|
4 1 1 1 J
0 5 10 15 20

&l%

Fig.13 Comparison between predicted and experimental
results for volumetric strain versus axial strain!?’!

5 Conclusion

(1) The filling and bonding effects of hydrate affect
the mechanical properties of energy soil, which makes
the energy soil significantly different from the normally
consolidated soil in compression characteristics, cohesive
strength, stress-strain relationship and shear dilation.

(2) Under the framework of CSUH model, the par-
ameter NV and the compressive hardening parameter p,
are introduced to describe the influence of hydrate on
the comprehensive hardening of energy soil. The cohesive
strength py is introduced and its evolution law is established
to reflect the bonding effect of hydrate, and the potential
strength of energy soil is reflected by state parameters.
The elastoplastic constitutive model of energy soil
considering the filling and bonding effects of hydrate
is established by using the associated flow rule.

(3) The comparison and analysis of test data and
model prediction show that the constitutive model of
energy soil has good consistency with test data. This
model can describe the characteristics of strain hardening
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and softening, strength and stiffness of energy soil.
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