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Abstract

The water retention behaviour of hydrate-bearing sediments (HBS) is crucial for
evaluating gas production efficiency and sediment response during methane hydrate
exploitation from reservoirs. Effects of hydrate on the pore size distribution (PSD) are not
explicitly considered in existing models, although the PSD governs the water retention
behaviour of HBS. Nuclear magnetic resonance (NMR) data reveal that, with increasing
hydrate saturation, the porosity fraction for larger pores decreases significantly, whereas the
porosity fraction of smaller pores changes only slightly. Based on these observations, this study
proposed a new equation for modelling the PSD evolution with increasing hydrate saturation.
Subsequently, by incorporating this PSD evolution equation into the van Genuchten model, a
new model was developed to describe the constitutive relationship between water saturation
and suction across a wide range of hydrate saturation. Similarly, the proposed PSD evolution
equation was applied to other water retention functions, such as those proposed by Fredlund—
Xing, to simulate the water retention behaviour of HBS. Model validation against experimental
data shows strong agreement between the calculated and measured results. The model
successfully captures the key characteristics of water retention in HBS, including variations in
air-entry pressure, adsorption/desorption rates, and residual water saturation with hydrate
saturation.

Keywords: Hydrate-bearing sediment; water retention curve; hydrate saturation; pore size

distribution; residual saturation.
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1 Introduction

Methane hydrate-bearing sediments are primarily located in submarine environments,
where specific pressure and temperature conditions enable methane hydrates to remain stable.
As a promising alternative energy source, methane hydrate has attracted significant global
interest due to its clean combustion, extensive distribution and vast estimated reserves
(Hassanpouryouzband et al. 2020; Zhang et al. 2024). Common techniques for extracting
methane gas from hydrate reservoirs include depressurization, thermal stimulation, chemical
inhibitor injection, and CO2 replacement (Moridis and Reagan 2007). During extraction,
hydrate dissociation into methane gas and water alters the saturation of the sediments, resulting
in significant changes in their physical and mechanical properties, such as permeability,
stiffness, strength, and volumetric deformation (Ng et al. 2022; Ng et al. 2023; Sultaniya et al.
2018). A fundamental element in predicting these dynamics is the water retention curve (WRC),
which describes the constitutive relationship between the capillary pressure of the air-water
interface and water saturation (Cui et al. 2023b; Dai and Santamarina 2013; Rutqvist et al. 2012;
Sun and Cui 2020). Accurately characterizing the WRC is essential for modelling unsaturated
fluid flow and sediment response during hydrate exploitation, enabling effective resource
recovery and geomechanical risk assessment.

Many mathematical models have been developed to describe the water retention curve
(Brooks and Corey 1964; Chang and Zhou 2025; Cui et al. 2025; Cui et al. 2019; Fredlund and
Xing 1994; van Genuchten 1980; Zhou and Ng 2014). Among these, the van Genuchten (1980)
model and its modifications are often used to simulate the water retention behaviour of HBS
(Gamwo and Liu 2010; Moridis and Sloan 2007; Reagan and Moridis 2008). The model is

expressed as:

S, =[1+(0¢l//)n}_m (D

where
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where S. represents the effective saturation, y denotes suction, « is related to the reciprocal of
air entry value, and n and m are pore-size distribution parameters. 6w denotes the actual
volumetric water content, while 65« and 8- are the saturated and residual volumetric water
contents, respectively. In addition, the fixed relationship » = 1/(1-m) is commonly adopted in
Eq. (1) to minimise the number of model parameters and to obtain a close-form solution for
the relative permeabilities of water k-~ and gas krg (Cui et al. 2023a; Parker et al. 1987; van
Genuchten 1980). These permeabilities are expressed as: kv = S2°[1 — (1 — S.")"]* and kig = (1
— Se)l2(1 — S y>m,

The WRC for HBS, differs from that of host sediments without hydrate (Ghezzehei and
Kneafsey 2010; Mahabadi et al. 2016a; Mahabadi et al. 2016b; Yan et al. 2023). However, in
most numerical simulations, the WRC of HBS is often assumed to remain constant for
simplicity, irrespective of hydrate saturation (Hong and Pooladi-Darvish 2005; Kimoto et al.
2007; Moridis and Sloan 2007; Moridis et al. 2011; Reagan and Moridis 2008; Uddin et al.
2011). Two different approaches were adopted in previous studies to address this limitation.
The first approach involves establishing empirical correlations between hydrate saturation and
parameters a and m in the van Genuchten model, thereby accounting for the influence of
hydrate presence on water retention behaviour (Mahabadi et al. 2016a; Zhang et al. 2022). This
approach essentially considers HBS with varying hydrate saturation levels as distinct materials.
It is effective, but it requires extensive data to calibrate the parameters involved in these
empirical correlations accurately. The other approach involves incorporating additional terms
related to hydrate saturation into WRC models. Gupta et al. (2015) introduced a hydrate-
saturation-dependent scaling factor to account for changes in capillary pressure at different
hydrate saturation levels. Yan et al. (2020) proposed a water retention model by making an

analogy between the hydrate growth process and the decrease in void ratio:

4
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S = ! (3)

1+ l+k m 7%
1+¢,S,

where k, n, m and o are fitting parameters, eo represents the void ratio for a hydrate-free

specimen and S» denotes the degree of hydrate saturation. Eq. (3) represents a modification of
the formulation proposed by Gallipoli et al. (2003), in which the influence of hydrate saturation
on gas entry pressure (see Fig. 1) is explicitly incorporated. Thus, this equation can simulate
HBS with varying hydrate saturation levels using a single set of parameters, treating these
materials as the same but at different states of hydrate saturation. However, this approach
predicts the same adsorption/desorption rate (i.e., the slope of the tangent line from the
inflection point in the WRC presented in Fig. 1) across different hydrate saturation conditions.
These predictions are not consistent with common experimental observations (Ghezzehei and
Kneafsey 2010; Zhang et al. 2022). In addition, the variation in the residual degree of saturation
is not rigorously considered. Therefore, a new model for better capturing the influence of
hydrate on the water retention ability of HBS is desired.

Furthermore, the above models do not explicitly consider the influence of hydrate on soil
pore structure, which governs the water retention behaviour. In recent years, microstructural
analysis has emerged as a powerful tool for pore-scale characterization. NMR enables
quantitative analysis of PSD in HBS (Daigle et al. 2014; Ge et al. 2018; Kleinberg et al. 2003a;
Kleinberg et al. 2003b; Minagawa et al. 2008; Ren et al. 2022; Yan et al. 2023; Zheng et al.
2020). The transverse relaxation time (72) obtained from NMR measurements correlates
directly with PSD, where longer relaxation times correspond to large pore sizes, whereas
shorter relaxation times reflect smaller pores. This capability provides insights into pore-scale
hydrologic processes and a solid basis for improving the modelling water retention behaviour

of HBS.
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In this study, a new water retention model that explicitly accounts for the influence of
hydrate saturation on HBS was developed. Based on microstructural insights from NMR data,
which reveal how hydrate presence affects PSD curves, the model employs a horizontal shifting
and vertical scaling strategy to transform PSD curves from hydrate-free to hydrate-bearing
conditions. This approach is validated against experimentally measured water retention data.
The proposed model in this study can be integrated with the method of Mualem (1976) to
predict the hydraulic conduction function, which will be of great significance in assessing the
flow properties for both the aqueous and gaseous phases (Cui et al. 2024). The findings hold
significant implications for evaluating gas production efficiency and predicting sediment

response during methane hydrate exploitation from reservoirs.
2 Model development

2.1 Pore size distribution model of hydrate-bearing sediments

Fig. 2 presents the 72 spectra of two sandstone specimens at various methane hydrate
saturation levels Si from 0 to 75.6%, as obtained from NMR tests (Ge et al. 2018). The hydrate
saturation Sy is defined as S = Vi/(Vw + Vg + V1), since the total pore volume V, of HBS
comprises the volumes of water Vy, gas Vy and hydrate V. NMR measurements are sensitive
only to mobile hydrogen atoms present in liquid water and hydrocarbons. The hydrogen atoms
contained within methane hydrate’s crystalline lattice structure remain undetectable by NMR
instrumentation due to their restricted mobility under standard excitation conditions.
Consequently, the solid methane hydrates exhibit no measurable NMR response. This
characteristic enables a direct correlation between the observed transverse relaxation time (72)
and water-filled pore radius r by the equation: » = 2p272, where p2 is the transverse surface
relaxivity (um/ms) (Kleinberg et al. 2003a). Furthermore, the parameter p2 can vary between
0.011 to 0.044 um/ms depending on the type of hydrate-free porous media (Daigle et al. 2014;

Kleinberg et al. 2003a). Based on systematic NMR measurements, Liu et al. (2021) further
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reported that p» exhibits a dependence on hydrate saturation, showing an initial increase
followed by a decrease. For simplicity, a mean value of 0.035 um/ms was adopted in this study.
Accordingly, the corresponding pore radius is calculated and presented in Fig. 2, with the top
x-axis indicating the pore diameter. Note that the use of a constant p2 value enables the
determination of pore diameters, which should be sufficient for investigating the evolution
trend of the PSD. Any simplification of this value would not affect the conclusions of this study.
As illustrated by the typical results in Fig. 2, the PSD evolution with varying hydrate
saturation is a complex process. Using the PSD curve of the hydrate-free specimen as a
reference, increasing hydrate saturation induces at least two key changes: a noticeable
downward compression (i.e., a reduction of pore volume) and a leftward shift (i.e., a reduction
of pore size) (Ren et al. 2022; Zhang et al. 2022). Moreover, the leftward shift of the PSD is
not uniform. The larger the pore diameter, the further the curve shifts to the left on a semi-
logarithmic scale, particularly in specimens with higher hydrate levels. These results suggest
that gas hydrates can affect larger pores more significantly. Similar observations have been
reported by Clennell et al. (1999); Dai and Santamarina (2013); Kwon et al. (2008); Malinverno
(2010); Ng et al. (2019), who found that hydrate growth is inhibited in smaller pores size (<
100 nm). Consequently, the porosity fractions for larger pores exhibit a sharp decrease with
increasing hydrate saturation. In comparison, the porosity fractions of smaller pores only
changed slightly during the hydrate formation process (Ge et al. 2018; Zheng et al. 2020).
The observations in Fig. 2 highlight the potential for developing a new water retention
model by transforming PSD curves from hydrate-free to hydrate-bearing conditions through
horizontal shifting and vertical scaling operations. This approach explicitly incorporates the
pore-scale phenomena of preferential hydrate formation in larger pores and the associated
evolution of PSD. For convenience, two distinct PSD functions f{Inr) are defined: fo(Inr) for

the initial hydrate-free state as a reference state and fi(Inr) for the hydrate-bearing state, as
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illustrated in Fig. 3. The subscript i is used to denote the i state of hydrate saturation. The PSD
function under hydrate-bearing conditions can be derived from the hydrate-free case by

applying horizontal shifting and vertical scaling as described by the following equation:
fi(Inr)=n/,[In(5r)] 4)

or equivalently,

/o (Inr) ani f {m(éﬂ (5)

where 7; represents the vertical scaling factor, and its value is related to pore volumes with and
without pore hydrate. On the one hand, the presence of hydrate within the pore space tends to
reduce the pore volume. On the other hand, the hydrate formation process may cause an
expansion of the soil skeleton. The use of #; can account for these two competing effects, with
the first mechanism often overwhelming the second one. In this study, a constant value of #; =
eileo is used for all pores, where e; and eo represent the void ratio at hydrate-bearing and hydrate-
free states, respectively.

The other parameter d; (>1) in Eq. (4) and Eq. (5) describes the reduction of pore size and
measures the horizontal shift magnitude of the PSD curve relative to the hydrate-free state in
the semi-logarithmic coordinate system (Fig. 3). For HBS, the horizontal shifting process can
be nonuniform since the reduction of larger pores is more significant than that of smaller pores

(Fig. 2). Therefore, a pore size—dependent shifting factor J; is introduced here:

ﬂi
5= (FLJ (6)
ref

where rrer is a reference pore radius for normalization, and S is a positive fitting parameter.
According to Eq. (6), rrr should be low enough to ensure that J; is above 1. However, direct
experimental determination of the minimum pore radius in soils is impractical, so we indirectly

estimate this value through the Young-Laplace equation:
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Ly = Cl Vs (7)
where C =—2ycosa, y is the surface tension of water, a is the contact angle and y.r denotes the

reference matric suction. The constant value of C = 0.15 N/m (Brutsaert 1966) was used.

Furthermore, a maximum suction value of approximately 10° kPa has been widely observed
for a variety of soils (Fredlund and Xing 1994; Ross et al. 1991; Rossi and Nimmo 1994), and
is therefore adopted as the reference suction wrerin this study. This value corresponds to a pore
radius that is dimensionally comparable to the radius of a water molecule (Fredlund and Xing
1994).

The other parameter fi in Eq. (6) governs the significance of PSD shifting and exhibits a
direct dependence on hydrate saturation. To determine its value, Eq. (6) can be rearranged as

follows:

_Inr-In(#/s,) _ In(r/5,)-Inr,

1_ — 1 ref 8
Z Inr—Inr,, Inr—Inr,, ®
Taking natural logarithms on Eq. (8) yields:
In(1-8)=In[In(r/5,)~Inr,, |~In[lnr-Inz, | (9)

In Eq. (9), r and 7/0; denote the initial pore radius for the hydrate-free specimen and the
pore radius at hydrate saturation S, respectively, for the same pore group. It is worthwhile to
explore the evolution characteristics of In(Inr—Inr), as this can provide a method to determine
pi via Eq. (9). Hence, Fig. 4 presents the evolution of eo(1-Sr) as a function of In(Inr—Inze)
based on water retention tests conducted on a HBS specimen by Mahabadi et al. (2016a), where
eo denotes the initial void ratio of the host specimen without hydrate. Dio represents the pore
radius at which water intrusion accounts for 10% of the total accessible pore volume (calculated
as total pore volume minus the volume occupied by residual water). The same definitions apply

to Dso, D70 and Doo. It is evident that there is an almost linear relationship between eo(1-Si) and
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In(Inr—Inrre), with the slope being nearly identical across different pore groups. Thus, the

following relationship can be applied:

In|In(r/5,)~Inr,, |~tn[Inr—In

ref :' = _beoSh (10)
where b is a nonnegative parameter accounting for the slope of the linear curves in Fig. 4.

Substituting the expression for the evolution characteristics of In(In—Inrv), i.e., Eq. (10),

into Eq. (9) yields the expression for parameter f::
B, =1-exp(-be,S, ) (11)

Applying the expression for the pore size-dependent shifting factor é: in Eq. (6) to the

PSD evolution function of Eq. (4), one obtains:
fl.(lnr):?f0 [ln(;f/%l/,,rf})] (12)
0

where i = 1—exp(—beoSr). Eq. (12) represents the PSD evolution with changing the hydrate
saturation. If the PSD function fo(Inr) for hydrate-free specimens is known, the corresponding
PSD function for HBS, fi(Inr) can be directly determined through Eq. (12).
2.2 A new WRC model for hydrate-bearing sediments

We consider a HBS sediment specimen as a homogeneous porous medium with
interconnected pores characterized by their radius ». The contribution of all pores with radius
r — r+ dr to volumetric water content 6w can be related on a logarithmic scale as follows (Hu

et al. 2013):

f(lnr)dlnr:dﬁw (13)
where f(Inr) is the PSD function. Here, f(Inr)dInr represents the volume of all pores with
logarithmic radii in the range [Inr, Inr + dlnr] per unit volume of the medium. If 7min and #max

denote the minimum and the maximum pore radius in the soil, respectively, the volumetric

water content can be expressed as:

10
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6,(nr)=["" f(nrdinr+e, (14)
and specifically,

In 7
0, =] ™ f(Inr)dinr+6, (15)

Note that, in Eqgs. (14) and (15), f{lnr) is a function whose definite integral from In#zmin
to Inrmax equals Gsar— O

In this study, the van Genuchten model (Eq. (1)) is employed to characterize the water
retention behaviour of specimens without hydrates. By integrating this model with the PSD
evolution equation (Eq.(12)), we can derive the PSD function for HBS. Therefore, by dividing
both sides of Eq. (13) by d(Inr), and applying the chain rule of calculus, the PSD function for
hydrate-free state fo(Inr) can be expressed as:

de, ds,
das, dr

e

fo(lnr):r (16)

By combining Egs. (1), (2), (7) and (16), the van Genuchten model implies the PSD

function for hydrate-free specimens, fo(Inr):

P 1/(1-m)
fo(lnr):mn(ﬁmt—ﬁr){l+££j } (ﬂj (17)

r r

According to the function of PSD evolution with changing the hydrate saturation (Eq.

(12)), substituting 7 in Eq. (17) with (rﬂ i+ / rrff) yields the expression of PSD for HBS, fi(Inr):

—-m—1
aCr’. ' aCr’ '
ﬁ(lnr)—mmn(@m,—@)[H(Tff’]] (—j (18)

On the basis of the direct correspondence of pore radius » and suction y (Eq. (7)), the
PSD function can be transformed into the pore capillary pressure distribution g(y) as:

dinr _do,

19
ay  dy (19)

g(v)=f(nr)

11
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Similar to f{Inr)dlInr, g(y)dy represents the volume of full pores in which water is retained
by capillary pressure  to y + dy per unit volume of the medium. From Eq. (19), it is evident
that g(y) is identical to the water capacity function. Combining Egs. (7), (18) and Eq. (19),

the water capacity function for HBS, gi(y) can be expressed as:

—-m—1

g g\ g
ay ay ay

gi l// :_nimn Hsa _Hr 1+ 8 A g (20)
¥) (=) [%’Z}J (Wﬁy]%@f

Hence, the effective saturation S. for hydrate-bearing specimen can be represented in

terms of water capacity function as follows:

I: 8i (‘//)d‘//

§ =TT 21)

" ey

By substituting the water capacity function of Eq. (20) into the effective saturation

function of Eq. (21), the expression for Se can be derived as:

- —-m|¥
Bi+1 !
1+ ay
ﬂi —m
Ve ay ! "
S, =- —2 =11+ 7 (22)
I aw”*! T Yrer
1+ Wﬂ
Wrgl

where Bi = 1— exp(~beoSh), and yr.ris treated as 10° kPa.

In Eq. (22), Se can be expressed in terms of water saturation Sw as Se = (Suw—S:)/(1-S»),
where Sr is the residual saturation, representing the fraction of void volume occupied by
residual water. The residual saturation S; relates to 8 through the expression: S, = Vi/(Vi—Vi) =
0r/[¢(1-Sn)], where V» and ¢ are the volume of residual water and overall porosity. If the
residual water volume V; remains constant across different hydrate saturation levels, the
relationship between the Sr and Sy 1s: S = S, (1-Sn)"!, where S is the residual saturation for host

sediment without hydrate. However, hydrate growth can alter the pore morphology and

12
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connectivity of sediments. Hydrate formation typically initiates at the water-gas interface and
progresses inward (Genov et al. 2004; Mori 2001; Taylor et al. 2007). As hydrates continue to
grow, they can block pore channels (Pandey et al. 2021), creating isolated fluid spaces that are
no longer connected to the main flow paths. This blockage and the resulting reduction in pore
connectivity may increase the amount of residual water. Conversely, hydrate formation can
cause the expansion of the soil skeleton (Dai et al. 2015), thereby enlarging small pore spaces
and potentially reducing the amount of residual water (Yan et al. 2023). Due to the competing
mechanisms, S, may either increase or decrease with increasing hydrate saturation. Therefore,

the following flexible expression is proposed to reflect these influences:

S*
S = S 23
s +(1—S:)exp(—tSh) )

where ¢ is a fitting parameter. This equation is capable of simulating both the increase and
decrease in S due to the presence of hydrate. Moreover, it satisfies the physical boundary
conditions that constrain S, within the interval [0, 1] for any given hydrate saturation level. Fig.
5 compares S; values calculated from Eq. (23) with experimental data from water retention
tests on HBS. For the hydrate saturation ranging from 0 to 0.7, Eq. (23) shows good agreement
with the measurements across all five cases.

Finally, combining Egs. (22) and (23), and applying the common assumption of » = 1/(1-

m) to Eq. (22), the new WRC function for HBS can be given by:

2—exp(—beOSh

y(i-m)
)
S, =8 +(1-5,)41+ {“V’—} (24)

l—exp(—beOS,,)
ref

where S- = S, /[S,+ (1S, )exp(~tSr)]. When the hydrate saturation is reduced to 0, the proposed
WRC model (i.e., Eq. (24)) reduces to the original form of the van Genuchten model (i.e., Eq.
(1)). Fig. 6 presents the evolution of water saturation S\ with variations in suction y and hydrate

saturation Si. For a fixed Sk, the curve exhibits a nearly symmetrical “S”—shaped profile, with
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the slope approaching zero as suction reaches both its saturated and residual limits. While
existing models primarily describe how residual saturation and air-entry pressure vary with
hydrate saturation, the proposed model advances this understanding by additionally
quantifying hydrate saturation’s impact on adsorption/desorption kinetics. For the case
considered in Fig. 6, increasing hydrate saturation induces an obvious increase in the residual
water saturation and air-entry pressure, accompanied by an increased adsorption/desorption

rate.
3 Summary of model parameter and calibration method

In Eq. (24), the proposed WRC model for HBS involves five parameters: S, , ¢, a, b and
m. Under hydrate-free conditions, it reduces to the classical van Genuchten model, with only
three parameters: S, a, and m, which represent the residual saturation, the inverse of the air-
entry pressure, and the pore size distribution index, respectively. Under hydrate-bearing
conditions, two additional parameters, ¢ and b, are introduced to account for the influence of
hydrate saturation on residual saturation and pore size distribution, respectively.

For model calibration, a stepwise parameter calibration procedure is suggested. First, the
parameters S,, m and «a, are calibrated by fitting Eq. (24) to the water retention data from
hydrate-free specimens with S» = 0. Values of these three parameters can be obtained through
nonlinear regression to achieve the highest value for the coefficient of determination (R?). Once
these three parameters are determined, they remain constant, while the remaining two
parameters, ¢ and b, are subsequently calibrated using water retention data from the same
specimen at different hydrate saturation levels.

To validate the model, five water retention datasets from various literature sources were
compiled, each with a wide range of hydrate saturation. Table 1 summarizes some of the
experimental specifications for the WRC tests. These datasets represent nearly all systematic

experimental results on water retention behaviour in hydrate-bearing specimens to date. The
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specimens in the datasets include sand, clayey silt and recovered sediments, with hydrate types
consisting of methane hydrate, THF hydrate and Xe hydrate. Note that for the water retention
tests by Ghezzehei and Kneafsey (2010), the initial void ratio eo was not reported, so a value

of eo = 0.7 was assumed for model calibration and verification.
4 Results and discussion

4.1 Comparison between the measured and calculated WRCs

In this section, comparisons are given between measured and calculated WRCs for the
five different specimens. Table 2 summarizes the calibrated parameters for the proposed WRC
model (Eq. (24)). The calibrated parameters enabled the model to successfully simulate
experimental WRCs across diverse hydrate types (THF hydrate, Xe hydrate and CH4 hydrate)
and hydrate saturation levels (S» = 0 ~ 0.7), as presented in Figs. 7~11. The experimental data
points align closely with the WRCs fitted by Eq. (24), with R? values exceeding 0.9 in most
cases. These results demonstrate that the proposed WRC model, based on the nonuniform
shifting-scaling strategy, provides satisfactory predictions for the influence of hydrate presence
on the water retention behaviour.

Fig. 7 presents the results for the Mallik 5L-38 sediment (Mahabadi et al. 2016a). The
host sediment without hydrate has a relatively wider pore size distribution, as indicated by a
low m value of 0.52. The value of a, which is approximately the inverse of the gas entry
pressure, is found to be 0.19 kPa’'. This value corresponds to the suction level at which the
WRC becomes the steepest for the hydrate-free specimen (Fig. 7). The influence of hydrate

saturation S» on o can be represented by rearranging Eq. (24) as follows:

—m

TR CRIC
Se= I+ T ¥ (25)

ref
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where fi = 1— exp(—beoSr). From Eq. (25), it is evident that the inverse of the gas entry pressure
is sensitive to the parameter b. For the Mallik 5L-38 sediment, with a calibrated b value of 0.16,
an increase in hydrate saturation from 0.4 to 0.7 reduces the inverse of the gas entry pressure
from 0.12 kPa! to 0.09 kPa'!. The other mechanistic parameter ¢, is 6.67, which results in an
increase in residual saturation S, from 0.07 to 0.35 as Sk increases from 0.4 to 0.7, according to
Eq. (23). Fig. 7 shows nearly exact predictions of the WRCs, with only minor deviations
occurring at higher suction values for the case of S, = 0.7.

Fig. 8 presents the results obtained for the sand column (Ghezzehei and Kneafsey 2010).
For hydrate saturations of 0 and 0.2, the fitted curves nearly coincide. It is important to note
that only a limited portion of the WRC was measured in their tests, with suction levels
consistently not exceeding 30 kPa across different hydrate saturation levels. Consequently, the
fitted value of 6.16x10 for S, (Table 2) may not be highly accurate. The predicted WRC in
Fig. 8 shows minimal variation when S;is adjusted between 2x10~° and 0.1 or when b varies
between 1x10™ to 6x10™. Yet the parameters listed in Table 2 represent the best-fit values for
Eq. (24) when matched against the water retention data for hydrate saturation levels ranging
from 0.2 to 0.45.

Figs. 9 and 10 present the results for clayey silt specimens (Yan et al. 2023; Zhang et al.
2022). These results are very similar to those of the Mallik 5L.-38 sediment specimen. The
WRCs for these specimens with varying hydrate saturations are also relatively flat, with m
values 0f 0.47 and 0.61 (Table 2). The model provides good predictions of the observed WRCs.

Fig. 11 presents the results for the fine sand specimen. Unlike the previous cases, the
predictions for fine sand (Yan et al. 2023) were found to be less accurate (Fig. 11). The WRCs
in Fig. 11 are steeper, resulting in a higher m value of 0.74 (Table 2). However, the general
shape of the predicted curve differs from the observed one. It seems that much of the poor

predictions can be traced back to the inability of Eq. (24) to capture the experimental WRC
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data. For example, the residual water saturation for the host specimen without hydrate S, was
estimated to be 0.5 (Table 2), which is unusually high for sandy soils, as they typically exhibit
lower residual saturation compared to clayey soils. Additionally, the limited data at lower water
contents raises concerns about the accuracy of the fitted S value. This case underscores the
importance of developing independent methods for estimating residual water saturation of HBS
to improve model accuracy.

4.2 Parameter sensitivity analysis for the new model

In the proposed WRC model (Eq. (24)), the two mechanistic parameters ¢ and b govern
hydrate saturation-dependent effects on residual saturation and pore radius, respectively. As
shown in Table 2, the calibrated parameters ¢ and b range from -2.26 to 17.85 and 1x10* to
0.48, respectively, for the five datasets. In this section, a parameter sensitivity analysis is
conducted to evaluate how these parameters influence the simulated WRCs. Fig. 12 illustrates
the sensitivity of the suction-dependent WRC to the parameters ¢ and b. For this analysis, the
intrinsic parameters S, , m and « are fixed at 0.1, 0.5 and 0.07 kPa™', respectively, while
t and b are varied within the ranges -5 < ¢ < 10 and 0.5 < b < 2. Additionally, a sensitivity
analysis is also performed on the initial void ratio-dependent water saturation, as shown in Fig.
12(c).

Results presented in Fig. 12(a) show the effect of parameter 1 on the WRC for hydrate-
bearing specimens. Parameter ¢ significantly alters the shape of the WRC. As ¢ increases from
-5 to 10, the residual saturation increases rapidly, and the WRC becomes more gradual. The
influence of ¢ is particularly pronounced at suction levels higher than the gas entry value.
Moreover, as compared to hydrate-free state, both increase (¢ = -5 and 0) and decrease (¢t = 5
and 10) of residual water volume may occur at hydrate-bearing state, as shown in Fig. 12(a).
As mentioned earlier, hydrate nucleate preferentially in macropores, and their growth can block

pore channels, creating isolated pore spaces. This reduction in hydraulic connectivity increases
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the amount of residual water compared to that of hydrate-free specimen, resulting in increase
in the residual water volume V. Conversely, the lower density of hydrates relative to pore water
may generate expansive stresses during hydrate formation, dilating the sediments matrix,
reconnects isolated voids and enhancing drainage efficiency. This process may reduce the
amount of residual water, leading to decrease of V. Thus, the resultant Sr in hydrate-bearing
specimens reflects the balance between these two competing processes. In this study, both
increase of V- (Mahabadi et al. (2016a), Ghezzehei and Kneafsey (2010) and Zhang et al.
(2022)) and decrease of V- (Yan et al. (2023)) are observed.

Fig. 12(b) illustrates the effect of parameter b on the WRC. The black dashed represents
b =0, corresponds to a condition where only pore volume decreases without a reduction in pore
size (0i=11n Eq. (4)). A nonuniform shifting process begins when b exceeds 0. For the case
considered in Fig. 12(b), as b increases from 0.5 to 2, the residual saturation remains constant,
but gas entry pressure increases rapidly. Meanwhile, the overall shape of the WRC changes
only slightly, showing an approximately horizontal rightward shift. Similar to parameter b,
changes in initial void ratio eo influence the WRC by shifting it horizontally (Fig. 12(c)),
indicating the influence of parameter b and initial void ratio eo on the WRC is consistent within
the framework of the proposed model.
4.3 Application of the equation for PSD evolution to other models

While the equation for PSD evolution has been successfully implemented using the van
Genuchten (1980) model for HBS, as presented above, its broader applicability across
alternative WRC models remains to be verified. To this end, the nonuniform shifting-scaling
strategy is applied to two more classical models: the Fredlund and Xing (1994) model and the
Brooks and Corey (1964) model. Both models are characterized by their simplicity and
efficiency, which make them particularly suitable for testing the broader applicability of the

nonuniform shifting-scaling strategy.
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The Fredlund—Xing and Brooks—Corey functions are respectively written as:

9 — 9,, + emt _91 (26)

’ {ln[exp(1)+(al//)1}d

ew — {0}’ +(Hsat _er)(l//b/l//) l// 2 l//b (27)

0. V<svy,
where o and s are related to the air entry value. ¢, d and 1 are PSD-related parameters.
Following the same nonuniform shifting-scaling strategy used for the van Genuchten
model, expressions of WRC based on Fredlund—Xing (see Appendix A) and Brooks—Corey

(see Appendix B) are respectively given by:

—d

B+l ¢
S, =S, +(1-S.){In exp(1)+[a‘//wﬂi J (28)
ref

(29)

2 )]/(ﬁi +1) .

where S = S/ /[S, +(1-S, Jexp(~tSh)], Bi = 1- exp(~beoSy) and y, = (l//bl//ﬂ

The new models based on Fredlund—Xing and Brooks—Corey functions involves six and
five parameters, respectively. Following the same calibration procedures as van Genuchten
model, Fig. 13 compares experimental data (Mahabadi et al. 2016a) with the model predictions
using Egs. (28) and (29). The calibrated model parameters for Eq. (28) are S, = 8.26x10™, ¢
=9.03,a=0.19kP!, h=0.17, ¢c=2.08 and d = 1.32, while those for Eq. (29) are S,=4.27x10
4 1=9.94, y»=2.79 kPa, b=0.17 and A = 0.65.

As shown in Fig. 13, both Eqgs. (28) and (29) effectively capture the evolution of water
saturation as a function of suction for hydrate-bearing specimens across varying hydrate
saturations, resulting R*> of 0.99 and 0.98, respectively. These results further validate the

generalizability of the shifting-scaling strategy for modelling the water retention behaviour of
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HBS. Furthermore, although all proposed models exhibit satisfactory performance, careful
consideration is still required when selecting the most appropriate model for a given application.
Compared to the van Genuchten-based model (Eq. (24)), the model based on the Fredlund—
Xing function (Eq. (28)) includes one additional parameter. While the new model based on
Brooks—Corey function (Eq. (29)) has the same number of parameters as van Genuchten-based
model, its piecewise formulation makes the calibration process more challenging, particularly
when experimental data are limited. Overall, while all three models demonstrate excellent
predictive performance, the van Genuchten-based model is recommended due to its balanced
accuracy and computational convenience. Its mathematical smoothness and fewer fitting
parameters make it particularly suitable for large-scale simulations or applications where

computational resources are limited.

5 Summary and conclusions

NMR observations reveal that increasing hydrate saturation leads to a significant decrease
in the porosity fraction associated with larger pores, while causing only minor changes in
smaller pores. To quantitatively describe these observations, a new PSD evolution equation
was proposed that models the impact of hydrate saturation on the PSD curve through two
distinct effects: pore volume reduction and pore size reduction. Moreover, a hydrate-saturation-
dependent residual saturation function was introduced to account for pore blockage and the
reconnection of isolated voids caused by hydrate formation.

Based on the proposed PSD evolution equation and the van Genuchten model, a new
constitutive model was developed to describe the relationship between water saturation and
suction across a wide range of hydrate saturations. Model validation against experimental data
demonstrates a close match between fitted and observed results. The model effectively captures
key features of water retention behaviour in HBS, including variations in air-entry value,

residual water saturation, and adsorption/desorption rates with hydrate saturation.
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To evaluate the broader applicability of the proposed PSD evolution equation, it was
further incorporated into other water retention models, including those of Fredlund—Xing and
Brooks—Corey. In both cases, the resulting WRC models successfully reproduced the evolution
of water saturation with suction across specimens with varying hydrate saturations, thereby
confirming the generalizability of the proposed approach. The results of this study offer new

insights into how hydrates influence the water retention process in sediments.
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Appendix A: Equation for S,, based on Fredlund and Xing (1994) model

The PSD function for Fredlund and Xing (1994) model given by Eq. (26) can be obtained

by combining Egs. (16), (7) and (26):

7(nr)=(0,, -6, )mn {1n|:exp(1) +(§”} - ((Sffé;);/r)c (30)

Similarly, Eq. (30) is employed to model the PSD function for the hydrate-free state

Jfo(Inr), while the PSD function after the nonuniform shifting-scaling process, fi(Inr) can be
derived through Eq. (12). Substituting » in Eq. (30) with (rﬁ"+1 / I’;,f}) and combing Eq. (12)

yields:

—d-1

/3,_ ¢ C B B+1\¢
fi (11'1 }") =7, (Hsat _0,.)77’11’1 In exp(l)+{ai?fj j (C( }/}ef/l" ) :
r exp(1)+(aCrrf}/rﬁ"”)

(1)
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The water capacity function for the hydrate-bearing state becomes:

—d-1
c B+l B \¢
771‘ Hsat _er mn (04 s al// ' /l//rel
gi(;//):— ( ) In exp(l)J{l//—ﬂi ( If) - (32)
v Ve exp(1)+(0u,1/ﬁ’+ /Wfff)
Substituting Eq. (32) into Eq. (21) yields the Se function:
— -~ -d|¥
pi+1 ¢
a
In exp(l)+( V/ﬂi J »
| Ve ] Otl//ﬁ )
S, =—— - _d;‘)" =<In| exp(1)+ 7 ] (33)
ay’ ‘ "
In| exp (1) + 7
l//ref
Appendix B: Equation for S, based on Brooks and Corey (1964) model
The PSD function for Brooks and Corey (1964) model is:
(0, -6 tors
f(ln”'): ( sat r)(r/rb) r rb (34)
0 r=rn

where 75 is the pore radius related to the air entry value y» as: r» = C/ws. We also use the Eq.

(34) to determine the fo(Inr) function. By substituting r in the Eq. (34) with (rﬂ i+ / rrf}) , and

then substituting the resulting expression back into Eq. (12), we obtain the PSD function for

the hydrate-bearing state:

rﬁi+l 4 1

B \p+1

niﬂ’(esat _er) B ’/'S(;/})’/'rcff")ﬂ/Jrl
ToTer

fi(lnr)=

B \p+1
0 r= (rbrref)ﬁt+

The water capacity function for the hydrate-bearing state can be determined:

1

A
iﬂ’ esat _er l// l//rﬂel .\
_n ( )( bﬂ,.+1f J > (l//bl//rﬂéf)ﬁiﬂ
8; (l//) = v v

1
0 v <(wpl )i
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Similarly, the Se in Eq. (21) can be rearranged as:

% %
I”zgi(W)dW= Lgf(ww 2y )i
R T
S, = J'wg‘(l//)dl// I(Wg)l;ﬂg.(l//)dl// | (37)
== ys(pyl )
S

Following the same procedure, we substitute Eq. (36) into Eq. (37) and the integral

simplifies to:

g\ 1
l// l//re' '\ % .1
( bﬂﬁl’] vyl )
s =\

e

(38)

1

Loy <(pyl )
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