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Effect of total stress path and gas volume change on undrained

shear strength of gassy clay

Zhiwei Gao! and Hongjian Cai?

Abstract: Clay with free gas bubbles can be frequently encountered in the seabed. Gassy clay
is an unsaturated soil but its mechanical behaviour cannot be described using conventional
unsaturated soil mechanics because it has a composite internal structure with a saturated soil
matrix and gas bubbles. The gas bubbles can have either a detrimental or beneficial effect on
the undrained shear strength of clay. New lower and upper bounds for the undrained shear
strength of gassy clay is derived by considering the effect of total stress path and plastic
hardening of the saturated soil matrix. For the upper bound, it is assumed that there is only
bubble flooding and the shear strength of an unsaturated soil sample is the same as that of
the saturated soil matrix. Bubble flooding makes the saturated soil matrix partially drained
and increases the undrained shear strength. The amount of bubble flooding is calculated using
the Modified Cam-Clay model and Boyle’s law for ideal gas. The lower bound is derived based
on the assumption that the entire soil fails without bubble flooding and the gas cavity size
evolves due to plastic hardening of the saturated soil matrix. Compared to Wheeler’s upper
and lower bounds which do not consider plastic hardening of the saturated soil matrix, the
new theoretical results give a better prediction of the undrained shear strength of gassy clays,
especially for the upper bound. Implications for constitutive modelling of gassy clay is

discussed based on the new research outcomes.
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and lower bounds
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Introduction

Fine-grained soils containing large gas bubbles can be frequently encountered in the seabed
(Gao et al., 2020; Hong et al., 2020; Hong et al., 2017; Jommi et al., 2019; Sultan and Garziglia,
2014). The gas is typically methane produced biogenically or thermochemically (Sills et al.,
1991; Sills & Wheeler, 1992; Sultan et al., 2012; Wheeler et al., 1990). The gas bubbles can
have a dramatic influence on the mechanical response of soils such as compressibility and
undrained shear strength. Fig. 1 shows the internal structure of gassy clay. The gas bubbles
fit inside the saturated clay matrix, rather than the pore water. Therefore, the gas phase is
discontinuous, and the water phase is continuous. The conventional unsaturated soil
mechanics is not suitable for describing the response of gassy clay because it has been
developed for soils with continuous gas phase and discontinuous water phase, like soils on
the embankment slopes. Gassy clays are essentially composite materials with three phases:
the soil skeleton, pore water and gas bubbles (Wheeler, 1986). The interaction between gas
bubbles and saturated soil matrix governs the stress-strain relationship of the soil. Generally,
the gas bubbles increase the compressibility of gassy soils due to their low bulk modulus
(Thomas, 1987; Wheeler, 1986; Hong et al., 2017). But they can either increase or decrease
the undrained strength of fine-grained soils, which is associated with the unique internal
structure of the soil (Fig. 1). The gas bubbles are much larger than the soil particles and fit
within the saturated soil matrix. The gas bubbles occupy the entire cavities when there is no
bubble flooding (Fig. 1a). In this case, these bubbles are like the cavities in solids (e.g.,
concrete or steel) which have a damaging effect on the soil strength. In some cases, however,
the pore water can drain into the cavities (Fig. 1b), which is called ‘bubble flooding’ (Wheeler,
1986; Wheeler, 1988a, 1988b; Sills et al., 1991). Bubble flooding makes the saturated soil
matrix partially drained in a globally undrained test (no water flow in or out of the sample at

the boundary) and the undrained shear strength increase.

There has been extensive research on the undrained shear strength of gassy fine-grained soils.
Wheeler (1986) was the first to derive the upper and lower bounds for the undrained shear
strength of gassy clays. The upper bound was derived based on the assumption that the
bubbles are completely flooded by the pore water in an undrained test. For the lower bound,
it is assumed that the entire saturated soil matrix reaches failure and no bubble flooding

occurs. This theory is capable of giving the maximum and minimum possible undrained shear
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strength of gassy clays (Wheeler, 1986; Sham, 1989; Hong et al., 2017). But it has some
limitations when used for specific tests. The upper bound tends to overestimate the beneficial
effect of gas bubbles on the soil strength because complete bubble flooding is not possible if
the gas dissolution in pore water is negligible. When the gas cavities were completely flooded,
the gas volume would become zero and the gas pressure would reach infinite if the free gas
does not dissolve in the pore water. Since the soil considered as a rigid-perfectly-plastic
material, the lower bound can underestimate the soil strength when there is significant
compression of gas bubbles during loading (Sultan et al., 2012). Compression of gas bubbles
reduces the volume fraction of free gas in the soil. Theoretical analysis has shown than the
undrained shear strength of gassy clay is higher when the gas volume fraction is lower under
otherwise identical conditions (Wheeler, 1986; Sham, 1989). Besides, the upper and lower
bounds were derived without considering the total stress path. But the total stress path can
affect the change of pore water pressure, which is found to have a dramatic influence on soil
strength (Wheeler, 1986; Sham, 1989; Hong et al., 2020; Gao et al., 2020). Some constitutive
models have also been proposed for gassy clay, which can be used to predict the undrained
shear strength of this soil (Pietruszczak & Pande, 1996; Grozic et al., 2005; Sultan and Garziglia,
2014; Hong et al., 2020; Gao et al., 2020). But some model parameters which are not easy to

determine are needed.

A new study on the upper and lower bounds for the undrained shear strength under specific
loading conditions is presented based on the work by Wheeler (1986) and the critical state
soil mechanics (Muir Wood, 1990). It is assumed that there is only bubble flooding for the
upper bound, but complete bubble flooding does not occur. The amount of bubble flooding
is dependent on the stress path and degree of overconsolidation. The lower limit is based on
the one in Wheeler (1986) but the volume change of gas cavities during loading is considered.
The effect of overconsolidation and total stress path is accounted for based on the Modified
Cam-Clay (MCC) model (Roscoe & Burland, 1968). The new upper and lower bounds have
been validated by the test data on three gassy clays. Implications for constitutive modelling
is discussed. This study only focuses on the behaviour of normally consolidated and lightly
overconsolidated clays, which are frequently seen in the seabed. The effective mean effective
stress p' is defined as the difference between the total mean stress p and pore water

pressure u,,.
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The new upper and lower bounds

For the new upper and lower bounds, the same assumption for the soil structure as that in
Wheeler (1986) is used. Specifically, the soil is a composite material with a saturated soil
matrix and compressible gas cavities. The gas bubbles tend to degrade the soil structure and
shear strength when there is no bubble flooding. But they can be flooded by the pore water
from the saturated soil matrix in some cases, making the undrained shear strength higher. It
is assumed that there is only bubble flooding for the upper bound. No bubble flooding occurs
for the lower bound, indicating that the bubbles only have a detrimental effect on sail
strength (Wheeler, 1986). The initial stress state is assumed to be isotropic for the derivation
below. It should be emphasized that the new upper and lower bounds are not the rigorous
upper and lower bounds that consider all the loading conditions (Wheeler, 1986). Instead,
they are derived for each specific loading condition and expected to offer a better

approximation of the real undrained shear strength than the theory of Wheeler (1986).

The upper bound

In the original work by Wheeler (1988), the upper limit of the undrained shear strength was
derived based on complete bubble flooding which can be written as Eq (1).

1
su_ 3{1—[f0/(1—fo)]3} (+emo)fo
5= T exp | (1)
U 3-20f/A-fo)ls (/o)

where e, is the initial void ratio of matrix.

This is unrealistic and tends to give significant overestimation of the soil strength in some
cases. The following assumptions are made for deriving the new upper bound:

(a) The stress and strain state in the soil is uniform.

(b) There is no gas dissolution in the pore water when the pore pressure increases or
more free gas generation when the pore water pressure decreases. Boyle’s law can
be used to describe the volume change of gas bubbles. The gas pressure remains
finite and the gas volume is not zero at the failure state. Note that gas dissolution in
the pore water gives extra volume contraction of the saturated soil matrix, which

increases the undrained shear strength. Rigorously speaking, this should be
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considered in the upper bound. But this is very small in most cases and neglected
here.

(c) The gas pressure u, is always identical to the pore water pressure u,,, which is the
condition for bubble flooding (Wheeler, 1986; Sham, 1989). The gas volume change
is only due to bubble flooding, which is the same as the volume change of the
saturated soil matrix. The volume of the cavity remains the same during bubble
flooding;

(d) Forthe unsaturated soil, the undrained shear strength of the entire soil sample is the
same as that of the saturated matrix after bubble flooding. The existence of free gas
at the failure state does not damage the soil structure. Note that the derivation of
the upper bound in Wheeler (1986) has accounted for this damaging effect but it can
still be very high for some tests. This indicates that proper consideration of the

amount of bubble flooding is more important.

Based on the Boyle’s law and Assumptions (b) and (c), one can get

WS, + PV = (ul, + pa)Vy (2)

where V and u denote the specific volume (calculated by assuming that the volume of soil
particles is unit) and pressure, respectively; the subscripts ‘g’ and ‘W’ denote gas and pore
water, respectively; the superscripts ‘0’ and ‘f’ represent the initial and failure states,

respectively; p, is the atmospheric pressure (101 kPa). At the initial state, the gas volume is

J fe
= Vm = (Lt en) (3)

where f; is the initial gas volume fraction (Wheeler, 1986); I} is the initial specific volume of
the saturated matrix and eJ, is the initial matrix void ratio (Wheeler, 1986). If the initial stress
state of the soil is isotropic and the stress state is uniform in the soil (Assumption a), the pore
water pressure at the failure state can be obtained as below based on the Modified Cam-Clay

(MCC) model (Fig. 2)

! 1 I 4
u£:P0+u3/+;Mpf—Pf (4)
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where p} (= py —ul ) is the initial mean effective stress, P (=Df —u":,) is the mean
effective stress at failure, M is the critical state stress ratio and a denotes the slope of the

total stress path (Fig. 2).

Based on Egs. (2)-(4), the volume change of gas during the loading process 6V, can be

calculated as below

!

Pr
f _ fo(l+eq) b . 1
sv, =V — v/ = ° . with b=M—1 (5)
g =fo ub+pa Pr a
142wtPa, pm f
Po Po

The volume change of the saturated soil matrix during loading 6V}, is
8V, =V —V/ = (N=T) = A= k)InR + Aln (’;—f) (6)
0

where N and I represent the value of 1}, on the normal consolidation line (NCL) and critical
state line (CSL) at unit mean effective stress, respectively (Fig. 2); Ais the slope of NCL and
CSL in the V,, — Inp' plane; R is the degree of overconsolidation at the initial state. For the

MCC model, N —T' = (A — x)In2, and Eq. (6) can be rewritten as
8V = Vi =Vt = (A= 1)In= + Aln (’;—f) (7)
0

where k is the slope of the swelling line in the V;,, — Inp’ plane. Based on Assumption (c), one

can get the following based on Egs. (5) and (7)

!
Pr
b_
foli+ed)  Mhr An (ﬁ) = (A=) (E) (8)
1-fo ud,+pq p} Py R
142wrPa
Po Po

The undrained shear strength of the saturated soil s;; with pj, is (Muir Wood, 1990)

1 1 , 1 , (R\ &
st =3ar =5 Mpyh =2 Mpy (5) * (9)

Based Assumption (d), the upper limit for the undrained shear strength of the unsaturated

soil is

Sy = EMpf (10)
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Eq. (8) can thus be expressed in terms of s;; as below based on Egs. (9) and (10)

b\sy
fo(1+el) 1+(_)§ 15y
o 1+uw+pa+(2)5u—xl n(32)=0—wm(3) (12)
Po sy

While an explicit expression of |n terms of f,, cannot be obtained using Eq. (11), the value

of f, can be easily determined when —and other variables are known. Since = > 1 for the

Su
sS
S Su

upper limit, the relationship between f; and s; should be generated starting from— =1

Su
sS
Su

based on Eq. (11). The upper limit expressed by Eq. (11) is dependent on the 22 Pa o 2 and total

0

stress path described by the different variable a, which is not fully considered by Wheeler
(1986). This makes the new upper limit work better for specific loading conditions with
different ul,, p; and total stress paths. More discussion on this will be given in the section on

the validation using existing test data.
The lower bound

By treating the saturated soil matrix as a rigid perfectly plastic von Mises-type material,
Wheeler et al. (1990) showed that the undrained shear strength of gassy clay can be

expressed as

2
1

Z;ff:) Su + <Zlnff) (pr—uy)” = 4(s5)? (12)

3 1—ff3
where f¢ is the gas volume fraction at failure (Wheeler, 1986; Green, 1972). The lower bound
in Wheeler (1986) was derived by assuming that there is no change in the gas volume and gas
pressure during the loading (ff = fy and uy = ul). It is shown by Sultan et al. (2012) that
the lower limit proposed by Wheeler (1986) does offer an absolute lower bound for the test
data. But it can be too conservative for tests in which significant contraction of gas bubbles
occurs. The reason is that the assumption of f; = f; can be too conservative when the gas
volume decreases during loading, which makes ff < f; and undrained shear strength higher.

In this study, the lower limit is derived by considering the gas volume change. The following

assumptions are made:
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(a) The stress and strain state in the soil remains uniform but the failure condition
can still be expressed by Eq. (12). Note that Eq. (12) was originally derived based
on non-uniform stress distribution in the soil;

(b) The initial gas pressure ug is the same as the initial pore water pressure ul,. The
same assumption has been used in the lower bound of Wheeler (1986). Gas
dissolution in pore water is neglected.

(c) The change of gas pressure du, is the same as the change in total stress 6p. This
is based on the Eq. (8) of Wheeler et al. (1990). When the gas volume fraction is
assumed constant, that equation gives u, = 6p. The cavity volume is the same
as the gas volume in the lower bound case.

In a globally undrained test, the 8u, for the lower bound can be obtained based on Fig. 2 as

below
2 ¢ 1.,
duy = 6p = —Sy = ;MpOA (13)
In this case, the Boyle's law for the gas is expressed as
1 ’
W +pa)Vy = (ul) +pa + > MpiA) V) (14)

Eqg. (14) can be used to get qu as below

o uUwtpPa
f_ Uw+Pa 0 _ o fo 0 _ fo_ 170
Vg 0 Ty ’AV = w0 4pa 1 1-f, Vm_ﬁl_f Vm (15)
UwtPat Mpg M;;—’+EMA 0 0
0

where S is self-evident. Since bubble flooding is not considered in the lower bound, V0 = V,,{
due to the undrained condition. The gas volume fraction at failure f can be expressed as

below based on Egs. (3) and (15)

fo
fr= VJ — Fisro ___bho (16)
U )

1-fo

Since ug = ud, and Su, = Sp (Assumptions b and c above), one can get p; —uy; = py.

Therefore, the new lower bound is expressed as
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1

4 (ff> i+ (i) @0 = 4y (17)

3 21
1-f¢ s

with s;; and f; being expressed by Egs. (9) and (16), respectively. Similar to the new upper

0
bound, the new lower bound is also dependent on uwp# and total stress path which is
0

described by the variable a (Fig. 2).

Validation of the new lower and upper bounds

The prediction of the new lower and upper bounds will be compared with the test data on
three gassy clays. The MCC model parameters for these clays are shown in Table 1. All the
tests have been done under undrained triaxial compression condition with 6q = 36p (a = 3
in Fig. 2). Most of the samples are normally consolidated and some are lightly
overconsolidated. The s; is calculated in different ways for the new and Wheeler’s bounds.
Eq. (9) is used to determine s; for the new bounds. To make it consistent with the work by
Wheeler (1986), the s; for Wheeler’s (1986) bounds is taken as the measured undrained

shear strength for saturated clays.

Combwich mud with methane (Wheeler, 1986)

Figs. 3-4 show the prediction of the new upper and lower bounds with the test data on
normally consolidated gassy Combwich mud (Wheeler, 1986). The prediction of Wheeler’s
theory is also included. In most cases, the new upper and lower bounds are closer to the test
data. The prediction of the new upper bound is lower than the one in Wheeler (1986) because
the new theory does not assume complete bubble flooding. The prediction of the new lower
bound is slightly higher than the lower bound of Wheeler (1986). This is due to that the new
lower bound considers gas bubble contraction during loading, which makes the undrained

shear strength higher.

At the same f|), the new theory predicts lower shear strength for both the lower and upper

0
bounds as u‘”ptp“ increases (Fig. 4). This agrees with the test data, which shows that s,
0

uQ+pq .
decreases when Wp,p“ increases at the same f,. The reasons are: (a) For the new upper
0
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bound, higher uwp—tp“ makes the amount of bubble flooding smaller and undrained shear
0

0
strength smaller (Eq. 5); (b) In the new lower bound, higher u‘”p—tp“ renders the bubble

0

contraction smaller and f; bigger at the same f,, leading to smaller s,, (Egs. 15 and 16).

For the tests with p, = 200kPa and u;;, = 100kPa, it appears that the new lower bond tends
to overestimate the undrained shear strength, while Wheeler’s does better. This indicates
that the new lower bound may overpredict the undrained shear strength of gassy clay under
certain loading conditions. This overprediction is mainly caused by the Assumption (a) for the
new lower bound which neglects the nonuniform stress distribution in gassy clay that has a

negative effect on the soil strength.

Kaolin with helium (Sham, 1989)

Figs. 5-6 show the comparison between the test data and theoretical predictions for normally
consolidated Kaolin with helium (Sham, 1989). The gas bubbles are found to have primarily
detrimental effect on the undrained shear strength. The upper bound of Wheeler (1986) gives
much higher s,, than the new upper bound, with the latter offering better prediction of the
maximum possible s, for unsaturated soils (Figs. 5a and 6a). At the same p; and f,, the new
upper bound gives lower s, for unsaturated soils as 1), increases. This is due to smaller
amount of bubble flooding at higher u$, or ug (Eg. 5). Wheeler’s lower bound predicts zero
s, at f, between 0.03 and 0.04, which appears to be very conservative. The new lower bound
gives zero s, at higher f;, for all the tests, as it considers gas cavity compression during loading.
This is closer to the test data. But it is still conservative for tests with f;, > 0.2 (Figs. 5b and
6b). There could be much more gas cavity compression at higher f; in real soil samples than

that assumed in Eqgs. (13) and (14).

Fig. 7 shows the results of overconsolidated Kaolin with R = 2. Both the new and Wheeler’s
(1986) lower bounds give higher s, than the measured value when f; > 0.01. But the
Wheeler’s is closer to the test data. One possible reason is that gas bubble expansion during
isotropic unloading which was used to create overconsolidated samples has caused
irreversible damage to the soil structure (Sultan et al., 2012). The new lower bound does not
consider this damage. Meanwhile, it accounts for the bubble compression in triaxial

compression after the isotropic unloading, which has beneficial effect on s,,. This makes the

10
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new lower bound prediction higher. Similar to the normally consolidated samples, the new

upper bound gives smaller s, than the Wheeler’s.
Malaysian Kaolin silt with nitrogen (Hong et al. 2020)

Fig. 8 shows the test results of normally consolidated Malaysian Kaolin silt with different uJ,
(Hong et al. 2020). p; is 200 kPa for all the tests. All the test results lie in the new upper and
lower bounds. The new bounds are closer to the test data than the Wheeler’s. The results of
tests with u,, = 0 and u,,, = 50 kPa lie exactly on the new upper bound, while the test results
for ud, = 600 kPa are very close to the new lower bound. Compared to the other two clays
above, the gas bubbles are found to have less detrimental effect on s,,. Hong et al. (2020)
have shown that this is related to the plastic index (I,,) of clays. The Malaysian kaolin silt has
the lowest [, and the least detrimental effect can be observed. The most significant

detrimental effect can be seen on Kaolin reported in Sham (1989) which has the highest I,,.

Fig. 9 shows the results of lightly overconsolidated Malaysian kaolin with different u9, (Hong
et al., 2020). All the samples were first consolidated to p;, = 200 kPa and then unloaded to
different p, = p./R. The overconsolidation ratio R varies between 1.05 and 1.67. The
undrained shear strength is normalized by the s5 at R = 1. For each test, the initial gas
volume fraction fj is different, which can be found in Hong et al. (2020). Some of the test data
is above the new upper bound at u,, = 0, which means that there could be more bubble
flooding than the theoretical prediction. At ul, = 600 kPa, the lower bound is higher than the
measured results at R = 1.43 and R = 1.67. Similar to the case for overconsolidated Kaolin
in Sham (1989), there could be irreversible soil structure damage during isotropic unloading,

which is not accounted for by the new lower bound.
Effect of total stress path

The pore water pressure u,, is found to have dramatic influence on the behaviour of gassy
clay (Wheeler, 1986; Sham, 1989; Hong et al., 2017). Under otherwise identical conditions of
fo and R, gassy clay has smaller s, at higher u,,. It is important to realize that u,, changes
during loading. In undrained tests, the evolution of u,, is dependent on the total stress path,
which means that the s,, of gassy clay is affected by the total stress path (Sultan et al., 2012).
The upper and lower bounds of Wheeler (1986) are independent of the total stress path. Fig.

10 shows the prediction of the new upper and lower bounds under total stress paths with

11
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different a values (Fig. 2). The parameters for Combwich mud are used and the soil is assumed
to be normally consolidated. When a = oo, the total stress path is §p = 0. As a increases
from 3 to oo, both the new upper and lower bounds give smaller s,,. Smaller a leads to smaller
change in u,, (Fig. 2), which means less bubble flooding and lower s,, for the upper bound.
For the lower bound, bigger a causes less bubble compression and higher f at the same f,,
which makes the s, smaller. When a < 0, the s,, predicted by the new lower bound is smaller
than that of Wheeler’s because it considers gas bubble expansion due to reduction in p (Egs.
13-15). When the absolute value of negative a is sufficiently large, u,, can decrease during
loading, indicating that there can be ‘negative’ bubble flooding based on Egs. (2)-(7), which is
water flow from a partially flooded bubble to the saturated matrix. But there is no
experimental evidence to show if there is ‘negative’ bubble flooding at present. For all the
simulations presented here, u,, increases and ‘negative’ bubble flooding does not occur.
Unfortunately, there is no test data under loading conditions with a = co and a < 0. Future
experimental work will be done on gassy under different total stress paths to validate the new

upper and lower bounds.
Discussion on the interaction between gas bubbles and saturated soil matrix

The upper and lower bounds of Wheeler (1986) give the maximum and minimum possible s,,
for gassy clays, respectively. They are found to work for all the clays above. The new bounds
are generally closer to the test data because complete bubble flooding is not assumed for the
upper bound and gas volume change during loading is considered for the lower limit. The new
bounds are also dependent on the stress path. Therefore, the new bounds can be used to get

better prediction of s,, for specific loading conditions.

Some of the test data is very close to the new upper or lower bound, indicating that either
bubble flooding or the detrimental effect dominates. But most of the results are within the
two bounds. For these tests, some of the gas cavities degrade the soil structure and reduces
the undrained shear strength. Meanwhile, some of the bubbles may get flooded by pore
water from the saturated matrix, which has beneficial effect on the soil stiffness and strength.
As a result, the s, measured for the entire soil sample lie within the two bounds. The s,

uY+pa
—_—

measured for gassy clay is also dependent on >
0

12
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This has important implications for constitutive modelling of gassy clays. First, the theoretical
predictions above show that gassy clay is a composite material with a saturated soil matrix
and compressible gas cavities. These bubbles tend to damage the soil structure but could be
flooded by pore water. The condition for bubble flooding is u, ~ u,, for each gas bubble
(Wheeler, 1988). For the entire soil, however, some bubbles are flooded while others are not,
depending on the microstructure of cavity surface (Wheeler et al., 1990). Complete bubble
flooding does not occur, as the measured s,, is well below Wheeler’s upper bound. Besides,
+p
7

0
the variable % is appropriate for modelling the effect of free gas on mechanical behaviour
0

0
of gassy clay. Higher uwp# leads to less bubble flooding and more detrimental effect (Hong
0

0
et al., 2020; Gao et al., 2020). Note that the variable ug:,pa has been used for gassy clay, but

0

it is very difficult to measure u, (Wheeler, 1986; Sham, 1989; Gao et al., 2020).

Conclusion

New lower and upper bounds for the undrained shear strength of gassy clay have been
developed based on the critical state soil mechanics and original work of Wheeler (1986). The
new upper bound is derived based on the assumption that the gas volume change is the same
as the amount of pore water flow into the cavities. The MCC model is used to calculate the
undrained shear strength after bubble flooding. The lower limit is derived based on the

original work of Wheeler (1986) by considering the gas volume change during loading.

Both the new and Wheeler’s (1986) lower and upper bounds are capable of describing the
undrained shear strength of gassy clay but the new bounds are closer to the test data of three
gassy clays. Therefore, Wheeler’s bounds predict the possible maximum and minimum
undrained shear strength for all loading conditions, but the new bounds work better for
predicting the undrained shear strength under specific loading conditions. The new bounds
can also account the effect of total stress path on the undrained shear strength of unsaturated
samples. But more experimental work needs to be done to verify the predictions. The new
lower bound is found to overestimate the undrained shear strength of lightly
overconsolidated gassy clay. This could be due to that it does not account for the soil structure

damaged caused by gas bubble expansion during unloading (Sultan et al., 2012).
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355

356

357

358

359

360

This study has several implications for constitutive modelling of gassy clays. The theoretical
study shows that the gassy clay has a unique structure with a saturated soil matrix and

compressible cavities. Bubbles degrade the soil structure but there could be bubble flooding

0
which increases the soil strength. The variable u‘”p—tp“ is proper for characterising the effect of

0
gas on the soil behaviour. Biggeru‘”p—w leads to less bubble flooding and more detrimental

effect.

List of symbols

em

f
fo
T

0

0

Initial void ratio for the saturated soil matrix
Volume fraction of gas

Initial volume fraction of gas

Gas volume fraction at failure

Total stress

Mean effective stress

Initial mean effective stress

Mean effective stress at failure
Atmospheric pressure

Deviator stress

Deviator stress at failure

Undrained shear strength

Undrained shear strength of the saturated soil
Gas pressure

Initial gas pressure

Pore water pressure

Initial gas pressure

Pore water pressure at failure

Specific volume of the saturated soil matrix

14



361

362
363

364

365

366

367

368
369

370

371
372

373

e
o

The initial specific volume of the saturated soil matrix

m

V,,}; Specific volume of the saturated soil matrix at failure

V Specific volume of free gas

I{q" The initial specific volume of free gas

V; Specific volume of gas at failure

A Slope of normal consolidation line

K Slope of swelling line

M Critical state stress ratio
Value of 1,, at unit mean effective stress for the normal
compression line in the V,,, — Inp’ space

r Value of 1,, at unit mean effective stress for the critical state
line in the V,, — Inp’ space

R Overconsolidation ratio

a Slope of total stress path

Data availability

Some or all data, models, or code that support the findings of this study are available from

the corresponding author upon reasonable request.
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Table 1 MCC model parameters

Soil M A K N
Kaolin with helium 0.89 0.23 0.05 3.35
Combwich mud with methane 1.33 0.174 0.0297 3.062
Malaysian kaolin with nitrogen 1.05 0.24 0.05 3.74
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Soil particle Soil particle
Gas bubble Gas bubble
Cavity
Pore water Pore water
(a) (b)

Fig. 1 A gas bubble in a fine-grained gassy soil: (a) size of the bubble is the same as the cavity;

(b) both pore water and gas bubble in a cavity
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