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A state-dependent constitutive model for coarse-grained gassy soil and its
application in slope instability modelling

Abstract

Free gas in sandy marine sediments is a common occurrence worldwide. A distinct feature
of gassy sand is that, under undrained shearing, presence of occluded gas bubbles in the pore
fluid can increase the undrained strength of sand at a relatively loose state, while reduce the
strength of a relatively dense sand. Previous theoretical analyses have primarily focused on
modelling the ‘beneficial’ effect of free gas on loose sand in migrating static liquefaction, with
few attempts to describe the ‘detrimental’ effect of gas on dense sand under undrained loading.
This study presents a state-dependent critical state model, which describes the distinct behavior
of gassy sand with various states in a unified way. Comparison between the model predictions
and test data of three gassy sands shows that the new model can capture the constitutive
behavior of gassy marine sand over a wide range of initial states and degrees of saturation
(typically between 85% and 100% for unsaturated marine sediments) using a single set of
parameters. Parametric studies were performed to quantify the effects of gas (either ‘detrimental’
or ‘beneficial’) on sand with various initial states. The new model has been implemented in
ABAQUS and used to simulate the stability of submarine slopes under undrained loading
condition. It is found that free gas can improve and weaken the slope stability for loose and

dense sand, respectively.

Key words: gassy sand, constitutive modelling, finite element analysis, static liquefaction, slope

stability
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1. Introduction

Free gas is widely formed in the marine sediments throughout the world, including the
North Sea, Gulf of Mexico, Gulf of Guinea, Gulf Coast and Eastern China Sea (Sobkowicz &
Morgenstern, 1984; Rad & Lunne, 1994; Hight and Leroueil 2003; Sultan & Garziglia, 2014;
Rowe & Mabrouk, 2018; Jommi et al., 2019). The gas in marine sediments is typically methane,
produced by decomposition of organic matter (Wheeler, 1988) or gas hydrates (Grozic et al.,
1999; Sanchez et al., 2017). It is certain that global warming will cause more methane
generation in both offshore and onshore soils, as the decompositions are faster at higher
temperature (Milich, 1999; Stagg et al., 2017). In addition to the naturally formed gas in
sediments, gas has also been introduced artificially into the soil through biological mediation
or blasting, aiming to increase the strength (Rebata-Landa & Santamarina 2012; Finno &
Gallant, 2016) or facilitate consolidation of the gas-charged soil (Puzrin et al. 2011). These
gassy soils are largely different from the conventional unsaturated soils, in view of their high
degree of saturation (5:>80%) along with the discontinuous gas phase in bubble form (Hong et
al., 2019a).

A unique feature of the gassy soil, as revealed experimentally, is that the gas bubbles can
either weaken or strengthen the shear strength of both fine-grained and coarse-gained soil,
depending on the initial states (Wheeler, 1986; Grozic et al., 1999; He & Chu, 2014; Vega-
Posada et al., 2014; Hong et al., 2019b; Yang et al., 2019). Increasing offshore construction
activities on gas-bearing seabed have generated interests in developing theoretical models of
gassy soils. For fine-grained gassy soil, constitutive models that enable a unified description of

both ‘detrimental’ and ‘beneficial’ effects of gas on the host soil have been developed, by
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formulating gas-dependent yielding function, dilation function and hardening law (Gao et al.,
2020; Hong et al., 2020). While for coarse-grained gassy soil, previous theoretical
developments have primarily focused on modelling the ‘beneficial’ effect of gas on loose sand
in migrating static liquefaction (Pietruszczak & Pande, 1996; Grozic et al., 2005; Lii et al.,
2018), with few attempts to describe the ‘detrimental’ effect of gas on dense sand under
undrained loading.

Fig. 1(a) shows a schematic diagram of the internal structure of coarse-grained gassy soils,
where discrete gas bubbles are typically smaller than the soil particles and present in the pore
water. Coarse-grained gassy soil can thus be considered as a saturated soil with compressible
pore fluid. Based on this consideration, Pietruszczak & Pande (1996) and Lii et al. (2018) have
developed elasto-plastic models for gassy sand and validated their models against results of
loose gassy sand. Since these studies have not focused on modelling of dense gassy sand, they
employed simplified functional forms of plastic modulus (K,), which do not consider softening
behavior of dense sands (i.e., the K, cannot be negative). Grozic et al. (2005) have also
presented a gassy sand model, which is shown to satisfactorily predict results of for loose gassy
sand but cannot properly capture the response of unsaturated dense sand. It is thus desirable to
develop a constitutive model for gassy sand that can describe their response at various initial
states in a unified manner.

Free gas in sand deposits also affects the offshore foundation design, drilling procedures,
slope stability, and may even have an environmental impact (Grozic et al., 2005). Existing
research has primarily focused on the element response of gassy sand in triaxial tests, with little
work on the real engineering problems. Atigh & Byrne (2004) have shown that free gas can

4
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enhance the stability of loose sand slopes under undrained condition. But the sand density can
vary significantly in the field and dense sand slopes are more common. Therefore, more
comprehensive research on gassy sand problems in the field is needed.

A state-dependent model for coarse-grained gassy soil is formulated in this study. The
predictive capability of the model was validated against three gassy sands with different initial
states (including dense and loose states) and degrees of saturation and compared to that of the
existing gassy sand models. Parametric studies were performed to quantify the effect of gas on
gassy sand with various initial states. The new model has also been implemented in a finite
element code and used to analyze the stability of submarine slopes under undrained condition.

The effect of sand density has been investigated.

2. A state-dependent constitutive model for coarse-grained gassy soil

To facilitate the discussion, the model described in this section is presented in the triaxial
stress space. Generalized expressions of the model under the multi-axial loading conditions are
described in the Appendix. In the triaxial stress space, two stress qua’ ntities including the mean
total stress p = (g, + 20,)/3 and deviator stress q = 0, — g, are used, where o, is the
total axial stress and o, is the total radial stress. The stress quantities with the symbol ' are

effective ones.

2.1 Compressibility of gas-fluid mixture: role of gas compression and dissolution
For gassy sand, the gas bubbles are much smaller than the sand particles, and thus mainly

affect the compressibility of the pore water. The compressibility of the gas-water mixture
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depends on the amounts of free and dissolved gases, which change with excess pore water
pressure. This sub-section presents the derivation of compressibility of the gas-water mixture
(Fredlund & Rahardjo, 1993), based on the three-phase diagram considering gas compression
and dissolution, as illustrated in Fig. 1(b).

It is shown in Fredlund & Rahardjo (1993) that the compressibility of a gas-water mixture

C,w 18 expressed as:

oo AU 1 (A0 Vo) A0V
VT T WA T A dp ap (1)

where V,, is the volume of pore water. V, and V; are the volumes of free gas in pore water
and gas dissolved in pore water, respectively. p is the mean total stress. The difference between
the pore water pressure u,, and pore air pressure u, is only related to the radius R of the gas
bubble and the surface tension 7, i.e., u,-u,,=27/R, if the minor effect of vapour pressure in
each bubble (Wheeler et al., 1988a) were ignored. The value of T for a water-air interface is
approximately 0.073 N/m (Weast, 1984). On the other hand, the mean value of R for bubbles in
gassy sand normally between 0.17 and 0.25 mm, as measured by micro-computed tomography
(LCT) on gassy specimens under in-situ stresses (Zhang, 2020). It can be readily deduced that
the mean value of u,-u,, for gassy sand may range between 0.6 and 0.9 kPa. In other words,
u,, and u, in gassy sand are likely to be very close in value, as routinely assumed for gassy
sand (Sobkowicz & Morgenstern, 1984; Pietruszczak & Pande, 1996; Grozic et al., 2005).

One can get the following using the chain rule of differentiation to Eq. (1):

Cow = —

dV, du,, dV, +Vy) du,
- )

1
V,.+V, {duw dp du, dp

where u,, and u, are pore water pressure and pore gas pressure, respectively. u,, is the pore

water pressure which is very close to the pore air pressure u,. Eq. (2) can be re-arranged as

6
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below (Fredlund and Rahardjo, 1993):

1de]duW {V;+Vd 1 d(Va+Vd)}dua

Vo
Cop = —
aw [Va YV, dugl dp AV +V, du, | dp )

According to Henry’s law, V4 = hyV,,, where h, is the Henry’s constant. One can thus get the

AViy
Viwduy,

expression for C,,, interms of water compressibility C,, (= ) and air compressibility C,

av,
Vadu,

Cow = S:C

(= ) based on Egs. (1) and (3):

W

du h du,
ap )+ =5+ hosc ap ) )

Eq. (4) is the general expression for compressibility of the gas-water mixtures, considering

. : . . . duy,
partial pressures of the different phases. In undrained triaxial compression, ;—p = B,, and

du,
dp

= B,, where B,, is the pore water pressure coefficient and B, is the pore air pressure

coefficient; C, is expressed as according to Boyle’s law and p, is the atmospheric

a+pa
pressure (101 kPa). Eq. (4) can thus be rewritten as:

B,

U, + P, (5)

Cow = S;CyBy + (1 = S, + hyS,)

For gassy sand with a relatively high degree of saturation, it is reasonable to assume

u,=u, and B, = B, ® 1 (Fredlund & Rahardjo, 1993). Eq. (5) can thus be simplified as:

Cow = S;Coy + (1 = S, + hyS,)

u, +p, ©)

The bulk modulus of the gas-water mixture K,,, is the reciprocal of C,,

1 _ 1
Caw_i_i_(l_'sr) (7)

Ky K,

Kow =

where K, =2.16X10°Pa

_ (1 - Sr)(ua + pa)
27 (1 =S8, 4 hyS) ®)

Since K, is very large and u, = u,, in gassy sand, Eq. (8) can be simplified as:

1
Ky = (uy + pa) =5, 1 heS) (9)
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Eq. (9) is used in modelling the gassy sand behavior in this study.

2.2 Definition of effective stress

Following Biot (1941), the effective sress aj;' is taken as  the difference between the total
stress aj; and a fraction called the Biot coefficient 7, of the pore pressure u,,. According to
the mixture theory, the effective stress of multi-phase porous media, such as gassy sand, can be
described as follows (Borja & Koliji, 2009):

K,

Ko
0ij' = 0ij = NpSroUwOij = NpSaollabij = Tj — (1 - ?> SroUyGij — (1 - Z) SaoUabij  (10)

S

where S,, and S, are the initial liquid saturation and gas saturation, respectively. K|
denotes the bulk modulus of the solid matrix, and K is the intrinsic bulk modus of the solid
grain material. Considering the pore water pressure u,, in a gassy sand is very close to pore
gas pressure u, (Sobkowicz & Morgenstern, 1984; Pietruszczak & Pande, 1965), and the sum

of Sy and S,, is equal to the unity, Eq.10 can be re-arranged as follows:

Ko
E) Uy, G (11)

gij' =03 — <1 -
The bulk modulus K, of sand for the range of initial states ( p'=0-400 kPa and
e=0.53-0.74) concerned in this study does not exceed 160 MPa, as can be calculated using
Richard et al. (1970)’s equation(Eq. 12). On the other hand, the bulk modulus of the sand grain
material is approximately 20 X 103 MPa (Gurevich, 2004). It can be readily deduced that the
value of Biot coefficient (7, =1 — i—:) may range between 0.992 and 0.996, which is
approximately 1.0 for the gassy sands studied herein. Therefore, the conventional definition for

effective stress (i.e., difference between total stress and pore water pressure) is adopted for

modelling gassy sand in this study, and elsewhere (Sobkowicz & Morgenstern, 1984;
8
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Pietruszczak & Pande, 1965; Gurevich, 2004).
2.3 Elastic behavior

The elastic shear modulus G of the coarse-grained soil is described using Richard et al.
(1970)’s equation, which depends on soil state (i.e., void ratio e and effective mean stress p'),

as follows (see also Li and Dafalias, 2000):

2.97 —e)?
_p297-e)

G
1+e

P'Pa (12)
where ' is a material constant and p, denotes the atmospheric pressure. The elastic bulk

modulus K is expressed as below in terms of G and Poisson’s ratio v.

_ 2ty
3(1—2v) (13)

2.4 Yield function
The present model is developed based on the one in Li and Dafalias (2000), which employs
a state-dependent dilatancy relation and plastic hardening law. The yield surface is a straight
line in the p’-g space without a cap. A stress-ratio based yield surface is used in this model

(Pietruszczak, 2010; Li and Dafalias, 2000; Huang et al., 2010; Yin et al., 2013), as follows:

f=q-np=0 (14)
where 71 denotes the stress ratio (q/p'). This yield function was proposed based on the
observed yield mechanism of coarse-grained soil in light of the previous experimental studies
(Poorooshasb et al. 1966 and 1967; Shi et al., 2020; Northcutt & Wijewickreme, 2013). Their
experimental results revealed that the plastic strain of coarse-grained soil occurs when the
imposed 1 exceeded the maximum stress ratio experienced by the soil during its loading

history. On the other hand, shearing at a constant n with either increasing or decreasing p'
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produced a relatively small plastic volumetric strain, before the occurrence of particle breakage
at an extremely high confining stress. Despite the sole consideration of shear-induced yield
mechanism considered in this proposed model, an extension of the model can be made with
ease to include the compression-induced yield mechanism by adding a yield cap controlled by
p' (Li, 2002; Li & Datfalias 2002). In the proposed model, the critical line in the e-p' space is
described using a power relationship e — (z_;)f’ as suggested by Li and Wang (1998). It was
recently found that the critical state line can be better captured by considering the interlocking
law (Jin et al., 2017). Moreover, it could be further improved by adopting an exponential
expression, which can eliminate the possibility of a negative value of the critical void ratio at

high stress levels (Yin et al., 2018). For simplicity, the influence of these two factors is not taken

into account in the model proposed herein.

2.5 State-dependent dilatancy
For gassy marine sand, where the degree of saturation mostly exceeds 85%, the gas bubbles
only change the compressibility of the pore fluid of sand. Under this circumstance, the effective
stress principle still works for the soil (Pietruszczak & Pande, 1996; Grozic et al., 2005).
Therefore, the traditional forms of dilatancy, plastic modulus and the associated material
parameters for saturated sand can still be used for the gassy sand. The state-dependent dilatancy
function proposed by Li & Dafalias (2000) is used in this study:
D=j—i§=%(Mem‘/’—n) (15)
where del and de} are plastic volumetric and plastic deviatoric strain increments, respectively.

M denotes stress ratio at the critical state. d, and m are two material constants. Inspection

of the equation suggests that the dilatancy of sand depends on the difference of the current stress
10
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ratio n from a reference stress ratio Me™¥. D >0 and D < 0 mean contractive and

dilative behavior, respectively. This type of formulation allows one to capture the following key

features of dilatancy of a sand subjected to shear (Li & Dafalias, 2000):

(1) Ataloose state (1 > 0), the sand exhibits a contractive behavior (D > 0), as nis always
lower than Me™¥ when 1 > 0 (Li, 2002);

(2) At a dense state (i < 0), the sand could show either zero dilatancy when 71 = Me™¥
(upon phase transformation), or a dilative behavior (D < 0) if otherwise (Li, 2002);

(3) At the critical state, the dilatancy vanishes (D = 0) being irrespective of the initial state,
because n =M and Y = 0;

(4) The equation can be recovered to the dilatancy function of the original Cam clay model

(i.e., D = M —n), by setting the two material constants as dy = M and m = 0.

2.6 State-dependent plastic modulus
The plastic modulus (K,) is defined as the ratio between the deviatoric stress increment
(dg) and plastic shear strain increment (defl’ ), and can be formulated as a function of state

parameter (Li & Dafalias, 2000), as follows:

dg hGe™ ,
o= = (e ) (16)

where n is a material constant. The value of h was found to depend on void ratio e,
following the linear relation below:

h=h; —hye (17)
where h; and h, are two material constants. Eq. (16) was modified from Wang et al. (1990)’s

formulation for plastic modulus, by taking 1p-dependency into account, as suggested by Muir

11
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Wood et al. (1994). This improvement has enabled unified modelling of both strain-hardening

and strain softening behavior of relatively loose and dense sands, respectively. The equation

suggests that the plastic modulus is controlled by the difference of current stress ratio 1 from

a ‘virtual’ peak stress ratio Me ™™V, which keeps changing during the shearing of the soil (Li &

Dafalias, 2000). With Eq. (17), the key following features associated with the plastic hardening

behavior of sand in shear can be reproduced:

(1) For any given initial state, K, = o at n = 0, which is consistent with the behavior of sand
showingdsg = 0 induced by a tiny non-zero dn at n = 0 (Kuwano & Jardine, 2007);

(2) For any given initial state, K, = 0 at the critical state (n = M and 1 = 0), because the
term dn/ dsg (as defined in Eq. (16)) becomes zero;

(3) For a loose sand, K, > 0 (i.e., strain-hardening) during the entire process of shearing,
because 7 is always smaller than Me ™Y,

(4) For a relatively dense sand, the formulation allows a smooth transition from K, > 0 (i.e.,
strain-hardening) to K, < 0 (i.e., strain-softening), when n <M e™ and n > Me™,

respectively.

2.7 Constitutive equation for gassy sand
Based on this model and the compressibility of pore fluid (Eq. 9), the constitutive equation

for a quasi-saturated gassy sand can be obtained as below:

dg 30G 13 8 9G?X —3KGnX 0 deg
dp' ¢ = 14e —| 3kG6DXx —K?*ypx 0 |[yde) +def (18)
duw 0 0 TKaW 0 0 0 dggw
with
. h@)
~ K, + 3G — KnD (19)

12
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L= 3Gde; — Kn(dsf,’ + degw)
B K, + 3G — KnD

(20)
where h(L) is the Heaviside function with A(L) =1 for L > 0 and h(L) = 0 otherwise.
The total volumetric strain increment of the soil element consists of two components, namely
de? and de?”. The former (de?) is associated with the changing mass of the gas-fluid mixture
(due to cither flow discharge or intake) within the element, while the latter (de2") is caused by
the volume change of the gas-fluid mixture (either volumetric compression or extension) in the
element.

In a globally undrained test, de? = 0 but de¥ # 0. While in a globally drained test (e.g.,
1D consolidation or drained triaxial compression test), du,, = 0, which makes def"¥ =0 in
this case.

It is worth noting that Eq. (18) is formulated based on the idea that undrained shearing of
gassy sand is accompanied by volumetric strain increment, which will, in turn, affect the excess
pore water pressure, effective stress and hence the elasto-plastic stiffness matrix. Along this line,
the total volumetric strain increment of the soil element consists of two components, namely
de? and de?” (de, = de? + de@™). The former (de2) is associated with the changing mass
of the gas-fluid mixture due to either flow discharge or intake from the simulated element, while
the latter (deg") is caused by the volume change of the gas-fluid mixture (either volumetric
compression or extension) within the element. In a globally undrained test, de2 =0 but
def™ # 0. The soil element will behave as it were partially drained, with a smaller amplitude
of excess pore water pressure than that of its saturated equivalent. While in a globally drained
test, du,, = 0, which makes de;" = 0. For this case, the presence of gas does not play any

role, and Eq. (21) recovers to the conventional elasto-plastic matrix of non-gassy sand.
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3¢ 0 0

, 0 K 0
A R | T
du, e TP TS RSy
h(L h(L 21)
962 (&) ~3KGn (&) 0\)
K, + 3G — KnD K, + 3G — KnD deg
- h(L) h(L) dep + deg”
3KGD —K2nD 0
K, + 3G — KnD 7K, +36 — KnD deg™
0 0 0

where h, is the Henry's coefficient. The magnitude of /o affects the stiffness of the air-
water mixtures and thus governs the gas exsolution and the compressibility of pore fluid in the
constitutive equation. /o values of carbon dioxide (CO2) and methane (CH4), which are typically
found in marine sediments and often used in triaxial tests, are 0.86 and 0.033, respectively.

The proposed model consists of eleven parameters for sand, and one material constant
relating to the solubility of gas, as summarized in Table 2. The constitutive model under multi-
axial loading condition is given in the Appendix. One more parameter ¢ which describes the

critical state stress ratio variation with the Lode’s angle is needed.

3. Model validation

Most of the model parameters can be determined following the procedure shown in Li and
Dafalias (2000) on saturated sand. Only one parameter h, is needed for gassy sand. This value
can be readily obtained from the literature for different gasses. To adequately verify the
proposed state-dependent gassy sand model, published results on gassy sands with a broad
range of initial states have been adopted for model validation. These include undrained triaxial
compression tests on loose gassy Ottawa Sand (ASTM Graded) (He & Chu, 2014), loose and
dense gassy Ottawa Sand (CT-109A) (Grozic et al., 2005) and dense gassy Baskarp sand (Rad

et al., 1994). Note that the Ottawa sand in He & Chu (2014) and Grozic et al. (2005) have
14
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slightly different particle shape, D5, and maximum void ratio e,,,, (Table 1). Their critical
state lines in the e-p’ plane can be better represented using different equations (Table 1). All
the model parameters are listed in Table 2.

These gassy specimens were charged with typical types of bio-gases, including methane
(CHa), nitrogen (N2) and carbon dioxide (CO>). In each gassy specimen, the gas is present in
two forms, namely free gas and dissolved gas. The former causes unsaturation of the sand
specimen (S.o < 100%), while the latter causes the pore water to be fully saturated with gas
(@ = 100%). Sy, is the initial saturation of the sample. The symbol « denotes the degree of
water-gas saturation, which is defined as a percentage of the amount of dissolved gas in the
pore water with respect to the maximum amount of gas which can be dissolved at the given
pressure and temperature (Rad et al., 1994).

In addition to the model validation, the proposed gassy sand model is further accessed by
comparing its predictive capability with that of the existing gassy sand models, i.e., models
proposed by Lii et al. (2018) and Grozic et al. (2005), which contain an equivalent or larger

number of parameters than the model proposed herein, respectively.

3.1 Loose gassy Ottawa Sand (ASTM Graded) (He & Chu, 2014)

A series of triaxial tests have been carried on loose gassy Ottawa sand (ASTM Graded) by
He & Chu (2014) to investigate the effect of gas bubbles on reducing the potential of static
liquefaction of the sand. The experimental program includes five undrained triaxial
compression tests, i.e., four Na-charged gassy specimens (S, ranging between 94.5% and
99.2%) and one saturated specimen. Fig. 2 compares the measured effective stress paths of the

gassy and saturated Ottawa sand (ASTM Graded), along with the predicted results by the
15
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proposed gassy sand model in this study. The figure also includes the predicted results by Lii et
al. (2018)’s model, which consists of the same number of model parameters.

The experimental results show that all the loose specimens exhibit collapse behavior (i.e.,
static liquefaction) subjected to the undrained shearing. The experiments also reveal that the
presence of gas has played a ‘beneficial’ role in reducing positive excess pore water pressure of
the loose sand, leading to higher peak strength than that of the saturated specimen. The
‘beneficial’ role becomes more pronounced with increasing amount of gas (i.e., decreasing
value of S;). These observed trends for all the specimens have been captured by the gassy sand
models proposed in this study and by Lii et al. (2018)’s model.

One important feature to be captured by the constitutive model is the slope of the initial
portion of effective stress path, which implies the elasto-plasticity of the soil at the very early
stage of shearing. For the saturated specimen, the tangent line of the initial portion of effective
stress path is measured to stay perpendicular to the p'-axis, suggesting a non-plastic behavior
(dp'=0, causing de = 0 and thus de} = 0) in response to undrained shearing by a small dn
at 7 = 0. This has been reproduced by the model proposed herein, thanks to the adopted
functional form of plastic modulus K, (see Eq. 16) that predicts an infinite value of K, and
hence non-plastic response at 7 = 0. On the other hand, Lii et al. (2018)’s model predicts the
initial portion of effective stress path to bend towards the left (dp’ < 0), suggesting the
occurrence of plastic strain (de¢ < 0 and thus de} > 0) due to a very small stress ratio change.
This is associated with the K, formulation in their model, which predicts a finite value of K,
at n = 0, and plastic deformation at the early stage of shearing. The discrepancy for the initial
slope of effective stress path has led to cumulative errors in predicting the subsequent collapse
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behavior (including the values of qpear and 7Mpeax) at larger stress ratios by their model.

For each gassy specimen, the measured initial portion of the effective stress path bends
towards the right (dp' > 0), with the amplitude of dp increasing with account of gas. This is
because the undrained shearing of each gassy specimen should have produced positive total
volumetric strains, causing the effective stress path to behave as it were partially drained and
bend to the right in p'-g space. The proposed model in this study is found to reasonably predict
the slope of initial effective stress path of all the gassy specimens. While Lii et al. (2018)’s
model does not appear to properly reproduce the initial slope of effective stress path for the two
gassy specimens with relatively high S, (i.e., 99.2% and 98.1%), which is caused by the
definition of K, at n = 0 as discussed above.

Fig. 3 shows the comparison between the measured and predicted [with the models
proposed herein and by Lii et al. (2018)] stress-strain relationships for the gassy and saturated
Ottawa sand in loose states (ASTM Graded). As shown by the test data, the saturated loose sand
exhibit a brittle strain-softening behavior, which is a typical response during static liquefaction.
With more undissolved gas, the specimens exhibit less brittle response and larger peak and
residual strength, suggesting the ‘beneficial’ effect of the gas bubbles on loose sand. The models
proposed in this study and by Lii et al. (2018) have reasonably captured all these features,
including the influence of gas on the peak strength, the subsequent strain-softening behavior
and the residual strength.

Fig. 4 compares the measured and predicted excess pore water pressures of the loose
specimens that have been discussed in Figs. 2 and 3. As illustrated, the models proposed in this

study and by Lii et al. (2018) both correctly capture the effect of gas on excess pore water
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pressure in the loose specimens, i.e., increasing amount of gas has led to reduction in excess
pore water pressure. Because both models have considered the joint effects of free and dissolved
gas in increasing the compressibility of the pore fluid (i.e., gas-water mixture), which in turn
suppresses the generation of excess pore water pressure during the shear-induced contraction

of the loose material.

3.2 Loose and dense gassy Ottawa Sand (CT-109A) (Grozic et al., 2005)

Grozic et al. (2005) reported undrained triaxial compression test results and their model
predictions on another batch of Ottawa Sand (CT-109A), which contained carbon dioxide (CO2)
and were prepared in loose and dense states. The physical properties and model parameters of
this Ottawa sand is different from the Ottawa Sand (ASTM Graded) tested by He & Chu (2014),
as summarized in Tables 1 and 2.

Fig. 5 shows the comparison between the measured and predicted effective stress paths for
the loose and medium dense gassy specimens. The measured and predicted stress-strain
relationships for these gassy specimens are compared in Fig. 6. In the two figures, the predicted
results by the model proposed in this study and by Grozic et al. (2005)’s model are included
for comparison. It can be seen from Fig. 5 that the measured collapse behavior (i.e., static
liquefaction) of the loose gassy specimen is well reproduced both models. On the other hand,
the measured effective stress path of the dense gassy specimen (showing phase transformation)
is only reasonably predicted by the model proposed herein, while Grozic et al. (2005)’s model
does not properly capture the initial slope and thus the subsequent trajectory of the effective
stress path. It is also illustrated by Fig. 6 that the model proposed in this study yields better

prediction for the gassy specimens in different states than Grozic et al. (2005)’s model,
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although the latter contains more parameters. This suggests the suitability of the functional
forms of plastic modulus and stress-dilatancy adopted in the model proposed herein, for

properly capturing the state-dependency of sand.

3.3 Dense gassy and saturated Baskarp sand (Rad et al., 1994)

The results of dense gassy and saturated Baskarp sand (i.e., a fine river sand) were reported
by Rad et al. (1994). The test programme consists of undrained triaxial compression tests on
gassy and saturated specimens, as well as drained triaxial compression tests on saturated
specimens. The gassy specimens were charged with either methane (CH4) or carbon dioxide
(CO2). Two types of gassy specimens were prepared, i.e., specimens having free gas and gas-
saturated water (S.o < 100%, a = 100%) and specimens containing gas-saturated water
without free gas (Syo < 100%, a = 100%).

Figs. 7 and 8 compare the measured and predicted results from the drained triaxial
compression tests on four dense saturated specimens, which were prepared at different e and
p'. The results predicted by the model proposed herein show reasonable agreements with the
measured shear stress-strain relationships (see Fig. 7) and dilatancy (see Fig. 8) for all the four
specimens. In particular, the proposed model captures the peak strength and dilatancy for the
specimens having different initial states, suggesting its predictive capability for the state-
dependency of sand.

Figs. 9 and 10 compare the model predictions and experimental data for saturated and gassy
specimens subjected to undrained triaxial compression. All the specimens were prepared to the
same initial states (e=0.592 and p'=50 kPa), with exception of the gassy specimen containing

CHj4 (e=0.585 and p'=50 kPa). The proposed model captures the trends of the stress-strain
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relationships (Fig. 9) and excess pore water pressures (Fig. 10) for all the gassy and saturated
specimens.Specifically, the proposed model has reproduced the ‘detrimental’ effect of gas on
the dense sand, i.e., presence of CH4 has led to much lower strength and stiffness (Fig. 9) and
less significant negative excess pore water pressure (Fig. 10) in the gassy specimens than their
saturated equivalent. The reproduction of this key feature is achieved by properly formulating
the coupled processes of (a) shear-induced negative excess pore water pressure in the dense
specimens, (b) gas dissolution from the pore water and (c) the evolving stiffness of the water-
gas mixture due to the joint effect of reducing gas solution and increasing amount of free gas.All
in all, it is the gas exsolution under changing averaged pore fluid pressure that modifies the
volume changes and hence impact on the overall shear strength and stiffness in a coupled

manner.

4. Parametric study investigating the effect of gas on sands with different
initial states

4.1 Motivation and programme of the parametric study

Existing studies have mainly focused the ‘beneficial’ effect of gas on the mitigation of static
liquefaction of loose sand (Pietruszczak & Pande, 1996; Pietruszczak et al., 2003; Grozic et al.,
2005; He & Chu, 2014), with little attention paid to systematically quantification of the
‘detrimental’ effect of gas on medium dense and dense sand. A systematic of parametric study
is therefore carried out, aiming to investigate the influence of initial degree of saturation (i.e.,
Sro) on the undrained shear behavior of sand with different initial states. The model parameters

for Baskarp sand (i.e., a natural river sand) is adopted in the parametric study.
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The parametric study consists of 119 analyses, which consider wide ranges of the initial
relative density (10% < D,y < 90%) and initial degree of saturation (85% < S < 100%).
Despite the variations in S, and D,,, a constant initial effective mean stress (i.e.,
Po'=200 kPa) is adopted for each analysis. The most commonly encountered bio-gas, namely
methane (CH4), is adopted in the parametric study. The Henry’s constants h, for CHs is taken

as 0.034, considering an environmental temperature of 4°C that is common at the seabed.

4.2 Distinct responses of loose and dense sand to effect of S,

Figs. 11(a), 11(b) and 11(c) shows the effect of S,y on the stress-strain relationship,
effective stress path and change of void ratio for typical CHs-charged loose specimens (initial
D,o = 10%) subjected to undrained triaxial compression, respectively. The saturated loose
specimen exhibits a clear strain softening behavior (Fig. 11(a)), due to the significant reduction
of py' accompanying positive excess pore water pressure of the contractive material (Fig.
11(b)) subjected to constant volume shearing (i.e., e=constant, see Fig. 11(c)).The inclusion of
gas into the loose sand has led to a less brittle stress-strain relationship, along with higher peak
stress ratio, larger peak and residual strength than those of saturated sand (Figs. 11(a) and (b)).
This ‘beneficial’ effect is associated with the increased compressibility of the pore fluid by the
occluded gas, which induces a partially drained response (volumetric contraction, see Fig. 11(c))
to suppress the development of positive excess pore water pressure of the contractive material.
Consequently, the effective mean stress of the loose gassy sand under undrained shearing has
reduced less than that of a saturated sand with the same initial state, and thus exhibit an
improved mechanical behavior, 1.e., higher stiffness and strength. When S5 = 0.85, the peak

undrained strength of the gassy sand is nearly 2 times of that for the saturated soil.
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Figs. 12(a), 12(b) and 12(c) illustrates the effect of S,, on the stress-strain relationship,
effective stress path and change of void ratio for typical CHs-charged dense specimens (initial
Do = 90% ) experiencing undrained triaxial compression, respectively. Different from the
case for loose sand, the dense gassy and saturated specimens all exhibit strain-hardening
behavior during the undrained shear (Fig. 12(a)). The addition of gas has resulted in smaller
peak deviatoric stress in the gassy specimens, as compared to the saturated one. The
‘detrimental’ effect is because of the increased compressibility by gas, which suppresses
development of negative excess pore water pressure of the dilative material (Fig. 12(b)) along
with the partially drained response (volumetric dilation, see Fig. 12(c)). This has led to smaller
increase in effective mean stress during undrained shearing of the dense gassy sand than that of
a saturated sand with the same initial state, causing a weakened mechanical behavior of the
former, i.e., lower stiffness and strength.

The ‘detrimental’ effect of gas on the dense sand is more significant as the amount of gas
increases (i.e., lower S,5). When S,y = 0.85, the peak deviatoric stress of dense gassy sand is

only 60% of that for the saturated one.

4.3 Effect of gas on sand with various initial states

Fig. 13 shows the undrained strength (s, .a5) Of gassy sand with different Do (between 10%

u_gas
and 90%) and S,y (between 85% and 100%) subjected to undrained shearing. The value of
Su_gas foreach gassy specimen in Fig. 13 is normalized by the undrained strength of its saturated
equivalent (Sy sat)- A Sy gas/Su_sat Tatio being smaller than the unity means the gas has played

a ‘detrimental’ role, and vice versa. The presence of gas is shown to reduce the undrained

strength of a dense sand (Do = 90%) by up to 40%, or increase the undrained strength of a
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loose sand (D,q = 10%) by up to 140%. For each given D,,, the modification effect of the gas
becomes more significant at lower S,y. The possibility of presence of gas, and their effects on
stability of the seabed and marine structures founded on gassy seabed should therefore be

considered in design and construction.

5. Model implementation and finite element analyses of slope

instability

Having formulated and verified the gassy sand model, as presented in the preceding sessions,
it is then implemented into a finite element (FE) code to offer a numerical tool for simulating
various engineering problems that are affected by gas- and state-dependency of sand.
Implementation of the proposed gassy sand model into a FE code is briefly described. The
simulative capability of the implemented model is then illustrated through a typical boundary
value problem, i.e., slope destabilized by undrained loading at its crest. Particular attention is
paid to examine the ‘beneficial’ and ‘detrimental’ effects of gas on the stability of relatively

loose and dense sandy slopes, respectively.

5.1 Implementation of the proposed gassy sand model

The proposed gassy sand model was implemented into a commercial FE package ABAQUS
(Hibbitt et al., 2016), through its user-defined material interface (i.e., UMAT). The explicit
Euler method in conjunction with automatic sub-stepping and error control (Sloan, 1987; Zhao
et al., 2005) is employed for stress integration. The large strain formulation, as proposed by
Hughes and Winget (1980) (see also ABAQUS User Manual (Hibbitt et al., 2016)), is adopted

in the stress integration scheme. The numerical implementation schemes largely follow those
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employed by Gao (2012) and Gao et al.(2020), where more details are provided. The
implemented gassy sand model in ABAQUS was verified by comparing its predicted results

against the various triaxial tests on gassy and saturated sands, as readily presented in Section 4.

5.2 Finite element analysis on destabilization of gassy and saturated slopes

A total of four finite element simulations were carried out, including two analyses on
relative loose slopes (average D., = 30% at the mid-depth of the slope) and two on relatively
dense slopes (average D, = 60% at the mid-depth of the slope). For each D, two degrees
of saturation are considered, i.e., a fully saturated case (S,,=100%) and a gassy case (S;(=95%
at the mid-depth of the slope). For all the analyses, the water depth is fixed at an elevation of
10 m above the crest of the slope. By assuming the amount of substance of CHs is 3.5mol/m’
of each depth, the distribution of S, with depth for each gassy slope case can be readily
deduced based on Henry’s and Boyle’s laws. Fig. 14(b) shows the distribution of S}, along the
depth, with the average of S.,=95% of the mid-depth of the slope. The distribution of initial
degree of saturation (S;¢) with depth is calculated from Henry's and Boyle's laws. According to
the ideal gas equation of state (i.e., Boyle's law), the relationship between the initial amount of
gas and initial gas pressure and can be described using the following equation:

(VaO + VdO)(uaO + pa) = ngRng (22)

In Eq. (22), (V4o + Vyo) is the initial total volume of gas, consisting of the volume of free gas
(V,0) and gas dissolved in water (Vyg). u,o 1s the initial pore gas pressure, which is very close
to the initial pore water pressure uyo. p, is the atmospheric pressure (101 kPa). ng is the

amount of substance of the gas (unit: mol). R, is a universal gas constant equal to 8.314
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J/(mol-K). T, is the absolute temperature of the gas, which is assumed to remain constant
during the entire analysis. According to Henry's law and the definition for degree of saturation,
the total initial volume of gas (Vo + Vyo) can be further extended as below (Fredlund &

Rahardjo, 1993):

(Vao + Vo) = (Vag + Viyo) (1 — Syo + hoSo) = eVo(1 — Sy + hoSyo) (23)

where Vo and V,, denote the initial volume of the pore water and of the soil particles,
respectively. h is the Henry’s constant. Based on Boyle's (Eq. 22) and Henry's laws (Eq. 23),

the initial degree of saturation S, at each given depth of the gassy sand slope can be derived

as below:
_ NgR,T,
S, = eVsO (uaO + pa) (24)
r0 1 _ h()

By assuming that the amount of substance of CHg is uniformly distributed throughout the entire
gassy sandy slope (i.e., 3.5mol/m?), the variation of S,, with depth (i.e., due to increasing pore
air pressure) below the crest of each gassy slope can be readily calculated using Eq. 24, as
shown in Fig. 14(b).

Fig. 14(a) shows the finite element mesh and boundary conditions, which are the same for
all the four analyses. As illustrated, the slope has an inclined angle of 30°, with a rigid footing
(width=3 m) sitting on its crest. It is intended to fail the slope in each analysis by imposing an
undrained loading to the footing, which is a typical approach for quantifying the stability of a
slope (Pantelidis & Griffiths, 2011)

The mesh consists of 3600 eight-node plane strain quadrilateral, bilinear displacement,

bilinear pore water pressure and reduced intergration elements i.e., CPESRP elements). The
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lateral boundaries and the bottom boundary are constrained by roller and pinned supports,
respectively. Pore water pressure (PWP) boundaries are applied to the top and the bottom of the
mesh, with the magnitudes of PWP determined based on the hydro-static pressure distributions.
The proposed gassy sand model is employed to describe the constitutive behavior of the sand,
with the calibrated parameters of Ottawa sand (ASTM graded, see Table 1) adopted for each
analysis. The permeability (k) for Ottawa sand, which depends on its void ratio (e), was
calculated using the equation proposed by Fleshman (2012), i.e., k = 0.55 %Se. Other model
parameters of the sand are summarized in Table 2, as described in the preceding section (i.e.,
Section 3).

Each analysis consists of two main procedures: (I) equilibrium of the initial geostatic stress
field for the sloping ground; (II) triggering of the slope instability by imposing a surface load
at the slope crest. In procedure (I), iterations were rendered to ensure the initial geostatic stress
field (which is unknown) is in equilibrium with the applied gravity and initial boundary
conditions. The iteration was not ceased till the calculated deformation of the slope under the
action of the given initial geo-static stress field, gravity and initial boundary conditions became
small than 10”7 m. This was followed by procedure (II), where a uniformly distributed load was
applied at a rigid footing on the slope crest to destabilize the slope. To demonstrate the effect
of gas on the shear-induced pore water pressure and thus the slope instability, procedure (II)
was performed under the undrained condition. The loading time for procedure (II) in each
analysis is 20 sec, which was sufficiently short to result in an undrained loading process, as

determined from trial numerical runs with different loading times.
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5.3 Effect of gas on stability of sandy slope with different densities

Figs. 15(a) and 15(b) compare the contour of the deviatoric strain (eg4 = \/% , where e;;
is the deviatoric strain tensor) developed in the saturated and gassy loose sandy slopes, due to an
undrained loading of 40 kPa applied at the slope crest. The displacement vectors resulted from
the undrained loading are also included in the two figures.

It can be seen from Fig. 15(a) that the surcharge loading leads to the formation of a
continuous sliding wedge (with substantial shear strain), which extends from the slope toe to
the slope crest. Significant soil movement develops within the sliding lines, while the soil
outside the sliding wedge remains nearly stationary. Both observations suggest the failure of
the slope under the undrained surcharge loading. With the presence of gas in the loose sandy
slope (see Fig. 16(b)), however, the sliding wedge has not been continuously formed under the
given load. Meanwhile, smaller soil movement is developed in the gassy slope than that in the
saturated one. The comparison between Figs. 15(a) and 15(b) suggests the ‘beneficial’ effect of
the gas on improving the undrained stability of a relatively loose sandy slope.

To further elaborate the ‘beneficial’ effect of gas on the loose sandy slope, Fig. 16
compares the change of effective stress path of a typical element at the same position in the
saturated and gassy slopes (see the inset of the figure) during the surcharge loading process. As
illustrated, the selected soil element (element A) in the saturated sandy slope fails due to static
liquefaction, with the final value of mean effective stress p’ approaching zero. Comparatively,
the soil element in the loose sandy slope containing gas (element B) behaves less contractive
(as explained in Session 4.1), leading to a higher p’ at failure and consequently larger undrained
shear strength with improved slope stability.

27



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Figs. 17(a) and 17(b) compare the contour of induced deviatoric shear strain (g4 = \/% ,
where ej; is the deviatoric strain tensor), together with the displacement vectors, in the saturated
and gassy dense sandy slopes under an undrained loading of 1500 kPa at the slope crest. The
comparison between Figs. 17(a) and 17(b) shows that under a given surcharge loading, the slope
containing gas exhibits a larger extend of sliding wedge than the slope with no gas, suggesting
a ‘detrimental’ effect of gas on the dense sandy slopes. Relatively large deviatoric shear strain
is developed in both gassy and saturated slope, i.e., &4 is up to 150%. The computation of such
large strains in ABAQUS is achieved by activating the option named Nlgeom, which considers
geometric nonlinearity and rotation of local material directions of each deforming element
during every increment of computation. The effect of gas on dense sandy slope is further
elaborated, by inspecting the effective stress path of a typical element at the same location
within the sliding wedge of the saturated and gassy slope, as shown in Fig. 18. It is seen that
the selected element in the dense sandy slope containing gas (element C) behaves less dilative
than that in the slope with no gas (element D), as explained in Session 4.3. This has led to a
smaller undrained shear strength and reduced Results of the comparative study, as presented
above, suggest that despite the high degree of saturation (S.0=95%), the presence of the little
amount of gas may significantly affect the undrained stability of slope. Ignorance of its presence

may mislead the results of seabed stability analyses.

Summary and Conclusions
This study presents a state-dependent model for coarse-grained gassy soil, which can give

a unified description of gassy sand with different initial states and degrees of saturation. The
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key elements of the state-dependent model include: (a) pressure-dependent compressibility of
the gas-water mixture considering compression and dissolution of gas, (b) state-dependent
dilatancy and (c) state-dependent plastic modulus of sand. These have enabled the model to
properly capture the coupled processes of shear-induced excess pore water pressure, the
resulted gas dissolution or exsolution from the pore water, and the evolving stiffness of water-
gas mixture with changing amounts of free and dissolved gas.

The model is validated against triaxial test results on three gassy sands having various
initial states (including dense and loose states) and degrees of saturation (0.8<5,,<1.0), with
reasonable agreements between the test data and model prediction. Compared to existing
models, the current model can give better prediction of the sand response under various loading
conditions with fewer or the same number of parameters. With the proposed model, the
following distinct features of gassy sand have been reproduced:

(a) For adilative gassy sand (i.e., in a dense state) subjected to undrained shearing, the induced
excess pore water pressure is less negative than its statured equivalent, due to the reduced
stiffness of the gas-water mixture in the former. This effect is intensified by the cumulated
negative pore water pressure, which causes gas exsolution and expansion to further de-
saturate the sand. Consequently, the presence of gas in dense sand plays a ‘detrimental’ role
in suppressing negative excess pore water pressure, which in turn weakening its mechanical
behavior.

(b) For a contractive gassy sand (i.e., in a loose state) subjected to undrained shearing, the
resulted excess pore water pressure is less positive than its statured equivalent, because of

the reduced stiffness of the gas-water mixture in the former. Although this effect is partly
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suppressed by the cumulated positive pore water pressure, which causes gas solution and

compression to increase the degree of saturation of the sand, gas in loose sand plays a

‘beneficial’ role in suppressing positive excess pore water pressure, and thus increases its

resistance against static liquefaction.

Parametric studies of undrained triaxial compression were performed on a calibrated natural
river sand (i.e., Baskarp sand) that cover a wide range of initial relative density (Do = 10~90%)
and degree of saturation (S., = 85~100%). The presence of gas is shown to reduce the
undrained shear strength of a dense sand (D, = 90%) by up to 40%, or increase the undrained
strength of a loose sand (D = 10%) by up to 140%. This has highlighted the importance of
in-situ characterization of gas, and quantifying and their effects on the undrained capacity of
offshore foundations on gassy seabed subjected to extreme environmental loading at a high rate
(e.g., hurricane).

The proposed gassy sand model was implemented into a finite element code, which is
readily available to simulate various boundary value problems related to gassy and saturated
sandy seabed. Illustrative examples are presented to simulate and compare gassy and saturated
sandy slopes destabilized by an undrained loading at the slope crest. The presence of gas was
shown to or weaken or improve the undrained stability of the loose and dense sandy slopes,

respectively.
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Appendix

6.1 Definitions
The stress and strain tensors used in the generalization are defined as follows:
Deviatoric stress
sij = 03j — D' Gjj (A-1)
where &j; = Kronecker delta.
Stress ratio tensor
Ty =7 (A-2)
The r; possesses two nontrivial invariants: a stress ratio second invariants R and the Lode

angle 6 defined as follows:

;3
R = E T'i]'T'i]' (A-3)

1 9T"T‘ka1
_ so—1 17)
0= 5 7 (A
Mean effective stress
! 1 ! 1 ! 1 ! ! !
p = §Uij5ij =30 = §(U11 + 032 + 033) (A-5)

The scalar value of deviatoric stress ¢ (used in the simplified version of the model for triaxial

space), is defined by:

3
q= ’E SijSij (A-6)
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Deviatoric strain increment
1
dei]- = dEi]' — §d£V6i]' (A-7)
Volumetric strain increment
dEV = dEii = dgll + d€22 + d€33 (A-S)

The scalar value of deviatoric strain increment dey is defined by:

’2
de = § dei]- dei]- (A_g)

6.2 Generalization
With the stress and strain tensors defined above, the proposed model can be generalized for

the multi-axial stress space, as follows:

6.2.1 Yield function
f=q—Hg0)p'=0 (A-10)
where H is a hardening parameter whose evolution law depends on the stress state and void
ratio. g(6) is an interpolation function based on the Lode angle 6 of 7j; or sj as follows

(L1 and Dafalias, 2002):

JA +c2)?2 +4c(1 - c?)sin36 — (1 + ¢?)
2(1 —c¢)sin36

g(0) = (A-11)
where ¢ = M,/M, is a material constant, defining the ratio of the critical stress ratio in

triaxial extension, M,, and triaxal compression, M.

6.2.2 Hardening law and plastic modulus

The generalized form of plastic modulus can be obtained:
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Gh
K, = 53 [M.g(6)e™™ — R] (A-12)
with the known K, The value of h was found to depend on void ratio e, following the

linear relation in Eq.(15):

n <
wze—ecze—[er—lc<§>] (A-13)

a

Where er, A., and & are material constants and p,(= 101 kPa) is the atmospheric
pressure. 1 is the state parameter, which represents the difference between the current void ratio and

the critical void ratio at a given effective mean normal stress.

6.2.3 Flow rule and dilatancy equation

The plastic deviatoric strain increment deiljj is expressed as:

of __or 5 %
ori; 0rmn ™03
— (A-14)
o _or 5 B

6ri]- drmn mn 3

deil; = (L)mll, with mi]- = "

The plastic shear strain increment is expressed as:

2 2 2
deg = §de§de§ = (L) ’gmi]‘mii = (L)\/; (A-13)

The plastic volumetric strain increment can be expressed as follows:

2
def = de? = (L)\/;D (A-16)

The total plastic strain increment dein) can be obtained as below:
dsill? = deil;.’ + %dsg(sij =(L) <mi]- + %\/gD(S‘i]—)—(L)xi]- (A-17)

The state-dependent dilatancy function is expressed as:

_ def,’ _ deiri’
|deg| |2

4 1 pq,P
3dei].dei].

D

M.g(0)e™¥ — R]

_ 1
- M.g(6) [ (A-18)

where de} and dsg are plastic volumetric and plastic deviatoric strains increments,

respectively. M. denotes the ratio of the critical stress ratio under triaxal compression. d; and
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m are two material constants.

6.2.4 Loading index

The loading index L can be readily derived through standard elastoplasticity procedures, as

follows:
0
_60}121 Craijde;;
(L) = = II;;de;
Ky, + FE CabedXcd

where Cjji is the elastic stiffness matrix expressed as:

Cija = (K —2G/3)6;j6k; + G(6ki 6y + 616k;)

]
where # can be expressed as follows:
ij

of of <5ki51j_01215ij>

dojj  Oma\ p’  3p”?

The generalized incremental elastoplastic relation can be derived as follows:

do; = Cija(deig — degy) = Gijia (e — (L)x) = (Cijra — h(L) CijanXap i) degg
= Djjdey,

where h(L) is the Heaviside step function, with h(L > 0) =1 and h(L < 0) = 0.
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Nomenclature

=/
o

pore air pressure coefficient

oo
ES

pore water pressure coefficient
c material constant
Ca air compressibility
Cw  water compressibility
C.w  compressibility of gas-water mixture
Cijn  elastic stiffness tensors
do dilatancy constant
D state-dependent dilatancy function
D,y  relative density at initial state
e void ratio
ec void ratio at critical state
er material constants
f yield function
G pressure-dependent shear modulus
g(8) interpolation function based on the Lode angle
H hardening parameter
h hardening variable
ho Henry’s constant
hq hardening constants
h, hardening constants

K bulk elastic modulus

K,  bulk modulus of gas

K,  bulk modulus of water
K.  bulk modulus of the gas-water mixture
K,  plastic modulus

L plastic multiplier

M stress ratio at critical state

M, critical stress ratio in triaxial extension
M.  critical stress ratio in triaxal compression
m dilatancy constant

n material constant

MR e &3 9o p D

~

o

mean total stress

atmospheric pressure

mean effective stress

deviator stress

stress ratio second invariants

stress ratio tensor

deviatoric stress

degree of saturation

degree of saturation at initial state
undrained strength of gassy sand
undrained strength of saturated sand
pore air pressure

pore water pressure

volume of free air in pore water
volume of pore water

volume of air dissolved in pore water
deviatoric strain increment
volumetric strain increment
volumetric strain increment of gas-fluid mixture
plastic deviatoric strains increments
effective stress

Kronecker’s delta

total axial stress

total radial stress

Lode angle

shear modulus constant

stress ratio

material state variable

Poisson’s ratio

degree of water-gas saturation
material constants

material parameter determining critical state line
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Caption of Tables
Table 1. Typical engineering properties of three sands

Table 2. Model parameters of three gassy sands
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Table 1. Typical engineering properties of three sands

Ottawa loose gassy sand*

Ottawa loose and medium

Baskarp dense gassy

Meaning of parameters Parameter dense gassy sand (Grozic et al., sand (Rad et al.,
Chu, 2014
(He & Chu, 2014) 2005) 1994)
Description - -—- Ottawa sand (ASTM graded) Ottawa sand (CT-109A) Baskarp sand
Grain shape - --- Round Sub-rounded to round -
Mean particle size (mm) Ds 0.4 0.34 -—-
Specific gravity Gs 2.65 2.65 2.65
Basic Maximum void ratio e 0.80 0.82 0.898
parameters
Minimum void ratio €min 0.50 0.50 0.534
Permeability (m/s)" ko 5X107 - -

Note: The two Ottawa sands have slightly different properties.

3
" The void ratio dependent permeability for Ottawa sand was calculated using the equation proposed by Fleshman (2012), i.e., k = 0.55 %
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Table 2. Model parameters of three gassy sands

Ottawa loose gassy sand Ottawa loose and medium  Baskarp dense gassy

Meaning of parameters Parameter dense gassy sand (Grozic et al., sand (Rad et al.,
He & Chu, 2014
(He u, 2014) 2005) 1994)
Elastic  Elastic modulus Go 50 50 125
parameters  Poission’s ratio v 0.25 0.25 0.05
Stress ratio at the critical state M 1.22 1.5 1.4
. p’ §
Intercept of CSLin e — (;) er 0.806 1.1 0.886
Critical state or e —Inp’ plane
parameters ) p\¢
Slope of CSLin e = (7-) or A 0.04 0.062 0.04
e —Inp’ plane
& -—- - 0.7
Dilatancy > il - d, 1.2 0.88 12
arameters ot dilatancy function
parameters Y m 3.5 3.5 3.5
hy 3.15 3.15 3.15
Hardeni
ACENINE b o rameters of the hardening law h, 3.05 3.05 3.05
parameters
n 1.1 1.1 1.1

Note: The critical state lines of Ottawa sand (ASTM graded) and Ottawa sand (CT-109A) are found to be linear in the e —logp’ plane.
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Caption of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

10.

11.

(a) Representative element of gassy sand; (b) Three-phase diagram of
gassy sand considering gas compression and dissolution

Comparison between the measured and predicted stress paths of loose
gassy Ottawa sand (ASTM graded) in undrained triaxial compression
(Data from He & Chu, 2014)

Comparison between the measured and predicted stress-strain behavior
of loose gassy Ottawa sand (ASTM graded) in undrained triaxial
compression (Data from He & Chu, 2014)

Comparison between the measured and predicted excess pore water
pressure of loose gassy Ottawa sand (ASTM graded) in undrained
triaxial compression (Data from He & Chu, 2014)

Comparison between the measured and predicted stress paths of loose
gassy Ottawa sand (CT-109A) in undrained triaxial compression (Data
from Grozic et al., 2005)

Comparison between the measured and predicted stress-strain behavior
of loose gassy Ottawa sand (CT-109A) in undrained triaxial compression
(Data from Grozic et al., 2005)

Comparison between the measured and predicted stress-strain behavior
of dense saturated Baskarp sand in drained triaxial compression (Data
from Rad et al., 1994)

Comparison between the measured and predicted volumetric strain of
dense saturated Baskarp sand in drained triaxial compression (Data from
Rad et al., 1994)

Comparison between the measured and predicted stress-strain behavior
of dense gassy Baskarp sand of different saturation in undrained triaxial
compression (Data from Rad et al., 1994)

Comparison between the measured and predicted excess pore water
pressure of dense gassy Baskarp sand of different saturation in undrained
triaxial compression (Data from Rad et al., 1994)

‘Beneficial’ effect of gas bubbles in undrained triaxial compression test
for loose sand: (a) effective stress path; (b) stress-strain relationship; (c)
change of void ratio
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

12.

13.

14.

15.

16.

17.

18.

‘Detrimental’ effect of gas bubbles in undrained triaxial compression test
for dense sand: (a) effective stress path; (b) stress-strain relationship; (c)
change of void ratio

The undrained shear strength (s, 4,s) of gassy sand with varying initial
states and degrees of saturation

(a) Finite element mesh and boundary conditions for a slope destabilized
by surcharge at the crest; (b) Degree of saturation along the depth below
the slope crest

Contours of the shear strain and displacement vectors for loose sand: (a)
Saturated sand; (b) Gassy sand

Comparison of stress paths of saturated loose sand and gassy loose sand
at a point in the shear zone

Contours of the shear strain and displacement vectors for dense sand: (a)
Saturated sand; (b) Gassy sand

Comparison of stress paths of saturated dense sand and gassy dense sand
at a point in shear zone
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(a) Representative element of gassy sand; (b) Three-phase diagram of
gassy sand considering gas compression and dissolution
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Fig. 2. Comparison between the measured and predicted stress paths of loose

gassy Ottawa sand (ASTM graded) in undrained triaxial compression
(Data from He & Chu, 2014)
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Fig. 3. Comparison between the measured and predicted stress-strain behavior

of loose gassy Ottawa sand (ASTM graded) in undrained triaxial
compression (Data from He & Chu, 2014)
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Fig. 4. Comparison between the measured and predicted excess pore water
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triaxial compression (Data from He & Chu, 2014)
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Fig. 5. Comparison between the measured and predicted stress paths of loose gassy
Ottawa sand (CT-109A) in undrained triaxial compression (Data from
Grozic et al., 2005)
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Fig. 6. Comparison between the measured and predicted stress-strain behavior

of'loose gassy Ottawa sand (CT-109A) in undrained triaxial compression
(Data from Grozic et al., 2005)
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Fig. 7. Comparison between the measured and predicted stress-strain behavior
of dense saturated Baskarp sand in drained triaxial compression (Data
from Rad et al., 1994)
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Fig. 8. Comparison between the measured and predicted volumetric strain of

dense saturated Baskarp sand in drained triaxial compression (Data
from Rad et al., 1994)

53



P, =50KPa, ¢,=0.59

3500 = Measured Px"edicted
(Rad etal., 1994) (this study)
20 0 S=1,a=0 — S=1, =0
3000 - 7 & 8=l 2=100% — S=1. =100%
v 5,09, @=100% — §,=0.9, 2=100%
2500

2000

1500

1000

Shear stress, (o,—0;)/2: kPa

500 00000%88888332%%?8%@%@

o A . 1 A 1 A 1 . )
0 4 8 12 16 20
Axial strain, &;: %

Note: a(degree of water-gas saturation) is defined as the amount of gas dissolved in the pore
water divided by the maximum amount of gas that can be dissolved in the pore water.
Fig. 9. Comparison between the measured and predicted stress-strain behavior
of dense gassy Baskarp sand of different saturation in undrained triaxial
compression (Data from Rad et al., 1994)
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Note: a(degree of water-gas saturation) is defined as the amount of gas dissolved in the pore
water divided by the maximum amount of gas that can be dissolved in the pore water.
Fig. 10. Comparison between the measured and predicted excess pore water
pressure of dense gassy Baskarp sand of different saturation in
undrained triaxial compression (Data from Rad et al., 1994)

55



Deviatoric stress, ¢: kPa

P, =200kPa, ,=0.86 (D,,=10%)

300 - M=14
Loose sand L
- SI‘O:]' e < -

250 — 5,,=0.98 .~ beneficial effect
— 5,=0.95 g

[y

=

o
T

— 5,,=0.90
— 5,,~0.85

Deviatoric stress, ¢: kPa
[—
o
S
1

100
50
0 i . . . 1 )
0 50 100 150 200 250
Effective mean normal stress, p": kPa
(a)
P, =200kPa, ¢,~0.86 (D,=10%)
300 r Loose sand
— 5=1
— 5,=0.98
2501 — 5,095
— 5,=0.90
200 | — Sm=085
150K \ beneficial
I K effect
100 \
50 F
0 " L M 1 L L N L M 1 J
0 5 10 15 20 25 30
Axial strain, g %

(b)

56



P, =200kPa, ¢,=0.86 (D,,=10%)

0.88 F
087 F
v 0.86F
g
g 0851  Loosesand
[ sl
Z 084F — 5,098
— 5,=0.95
| —5,=0.90
e — 5,=0.85
0.82 1 | 1 1 1 1 1 | 1 J
0 50 100 150 200 250
Effective mean normal stress, p" kPa
(©)
Fig. 11. ‘Beneficial” effect of gas bubbles in undrained triaxial compression test

for loose sand: (a) effective stress path; (b) stress-strain relationship; (c)
change of void ratio
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Fig. 12. ‘Detrimental’ effect of gas bubbles in undrained triaxial compression

test for dense sand: (a) effective stress path; (b) stress-strain
relationship; (c) change of void ratio
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Fig. 13. The undrained shear strength (s, 4,5) of gassy sand with varying initial
states and degrees of saturation

60



Footing (B=3m)

> <
> “10m
I <
D T : }
A A -
| |
22 m
(a)
Initial degree of saturation, S,
8.92 0.93 0.94 0.95 0.96 0.97 0.98
y U} T T g T T T g T T |
2 -
= I
o4t
Q I
5" L
5 6F
A I
8 -
10 -
(b)
Fig. 14. (a) Finite element mesh and boundary conditions for a slope destabilized

by surcharge at the crest; (b) Degree of saturation along the depth below
the slope crest
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Fig. 15. Contours of the shear strain and displacement vectors for loose sand: (a)

Saturated sand; (b) Gassy sand
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Fig. 17. Contours of the shear strain and displacement vectors for dense sand:

(a) Saturated sand; (b) Gassy sand
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