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properties of MHBSs. The relationship between the level of MH saturation and the
interparticle bond thickness is first obtained by analyzing the scanning electron microscope

g?i/g(e)trgsélement method images of MHBS samples, in which is the bridge connecting the micromechanical
Methane hydrate-bearing soil behavior captured by the DEM with the macroscopic properties of MHBSs. A simplified
THM bond model thermal-hydromechanical (THM) bond model that considers the different bond thicknesses
Inter-particle bond thickness is then proposed to describe the contact behavior between the soil particles and
Mechanical behavior those incorporated into the discrete element method (DEM). Finally, a series of biaxial

compression tests are carried out with different MH saturations under different effective
confining pressures to analyze the mechanical properties of deep-sea MHBSs. The results
of the DEM numerical simulation are also compared with the findings from triaxial
compression tests. The results show that the macromechanical properties of deep-sea
MHBSs can be qualitatively captured by the proposed DEM. The shear strength, cohesion,
and volumetric contraction of deep-sea MHBSs increase with increasing MH saturation,
although its influence on the internal friction angle is obscure. The shear strength and
volumetric contraction increase with increasing effective confining pressure. The peak
shear strength and the dilation of MHBSs increase as the critical bond thickness increases,
while the residual deviator stress largely remains the same at a larger axial strain. With
increasing the axial strain, the percentage of broken bonds increases, along with the
expansion of the shear band.
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Fig. 1. SEM images: (a) MH bonds in the methane hydrate-bearing soil [11]; (b) inter-particle bonds in the natural sands [12].

1. Introduction

Methane hydrate-bearing soils (MHBSs), which are natural soil deposits that contain methane hydrate (MH) inside their
pores, are abundantly available in the continental margins and permafrost regions [1]. MH is recognized as one of the most
promising resources for resolving the current energy crisis [2]. Due to the increasing global energy demand, significant
research attention is being directed toward examining the physical, chemical and mechanical properties of MHBSs, and
devising methods to quantify and identify MH-bearing deposits [3]. However, commercial exploitation of these deposits
could have catastrophic effects, such as submarine landslide and Tsunami. Therefore, the study of the mechanical properties
of MHBSs is of great significance from a geotechnical point of view [4].

Previous studies show that the mechanical characteristics of MH-bearing sediments are highly dependent on the hydrate
morphology [5,6]. According to the MH morphology, MHBSs are generally categorized as either pore filling or cement-
ing, depending on where the MH is formed in the pore space [7]. MH-bearing sediments are easily formed by cementing
in gas-rich environments and, in general, the MH in the cementing type has a greater effect on the ensemble strength
and stiffness of the MHBSs, especially at lower MH saturation values, compared with the pore-filling type [5-7]. Very
little research has examined the cementing type soil [8-10]. This constitutes one of the strong motivations of this pa-
per.

Fig. 1a presents a scanning electron micrograph (SEM) of a MH-bearing sample, in which different bond thicknesses of
MH can be observed among the soil particles [11]. Fig. 1b provides a SEM of a Lower Green natural sand sample obtained by
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Cuccovillo and Coop [12], in which the cement colored in white forms interparticle bonds that weld the particles together.
Therefore, as illustrated in Fig. 1, MH-bearing sediments and natural soils share a similar microstructure. It is universally
acknowledged by geo-researchers that the mechanical behaviors of such cemented geomaterials are controlled not only by
the stress history and density, as described by classical geo-mechanics, but also influenced by the strength of the bonds be-
tween the soil particles [13-23]. Though numerous continuum constitutive models have been proposed by different scholars
[24-32] to elaborate some crucial features of natural soils, no particular model or theory has received universal acceptance,
mostly due to the lack of quantitative information on the effects of cementing. This situation clearly extends to studies of
MHBSs.

In geo-laboratory research, two types of samples are used to investigate the mechanical behavior of MH-bearing soils:
natural MHBS samples retrieved from the field, e.g., [33-41], and synthetic MH-bearing samples, e.g., [42,43,11,44-51].
Although special sampling devices have been developed to maintain the water pressure and temperature encountered in
situ [52,53], it is difficult to obtain natural MH soil cores in an intact state, as the MH can easily dissociate during coring
and sampling, either through a reduction in water pressure or an increase in temperature [3]. In addition, to obtain reliable
results, laboratory experiments with synthetic MHBS samples require strict low-temperature and high-pressure conditions
that can reflect the real MHBS environment, which is also a challenge for the testing equipment. Moreover, even with
advanced technologies, such as X-rays [54], the stereophotogrammetric technique [55], or particle image velocimetry [56],
quantitative data on all the bonds are still unobtainable within the samples. Hence, although significantly important, it is
not yet clear to quantitatively describe the bonding effects and to understand their links with the microstructure of MHBS
obtained experimentally.

The discrete element method (DEM), originally developed for dry granular materials by Cundall and Strack [57], treats
soils as an assembly of discrete materials, and starts with the contact laws of interparticle contacts to provide macro-
scopic/microscopic responses of the soil assembly under different loading conditions. The interactions between particles are
controlled by contact law. The motion of each particle is determined by Newton’s second law. In addition to facilitating sam-
ple reproducibility and being able to monitor the evolution of internal stresses in a nondestructive manner, the DEM appears
to be a promising tool to understand the relation between the bond properties at particle contacts and the observed macro-
scopic behavior. DEM has been employed to examine several aspects of soil behavior, such as creep theory [58], anisotropy
[59] of sails, and constitutive models for granular material [19]. It has also been employed to investigate boundary value
problems such as the penetration mechanism of cone-penetration tests [60], slope instability [61] and retaining wall [62].
Furthermore, DEM can be coupled with other numerical methods such as Computational Fluid Dynamics [63]. It is believed
that, by providing a better understanding of the mechanical behavior of MHBSs, the DEM can help establish an appropriate
constitutive model.

Jiang et al. [8] proposed a simple bond model based on the experimental data from microscopic mechanical tests and
implemented it into a two-dimensional DEM code, NS2D. The DEM incorporating the model captured the main characteris-
tics of MHBSs in a series of drained biaxial compression tests. However, the model only includes the normal and tangential
behavior, and ignores the mechanical response of the bond-rolling resistance of soil particles. In addition, the model did
not clarify the exact correlation between MH saturation and bond strength for simplicity. To reflect the effect of the real
environment on the properties of MHBSs, [9,10] further proposed a bond contact model that considers the MH density,
temperature and water pressure, which is implemented into the DEM to examine the effects of MH saturation, the effective
confining pressure and back pressure (initial pore water pressure) on the macromechanical properties of MHBSs. The contact
model proposed captures the effects of bonding on the mechanical properties of MHBSs and is helpful for understanding
the relationship between the micro-mechanisms and macromechanical behavior of MHBSs. Nevertheless, the contact model
treats the bond thickness of MH between particles as a constant value (i.e. the thickness at the center, tp), and does not
consider the variation in the bond thickness between particles illustrated in Fig. 1a. Accordingly, reducing the difference
between the model assumptions and the actual situation constitutes another strong motivation for our study.

MH forms between soil particles as a cementing material, and the bond size is directly connected to the level of MH sat-
uration, which further affects the mechanical behavior of MHBSs. In this study, the relationship between the MH saturation
and the interparticle bond thickness is first obtained by analyzing the SEMs of MHBS samples observed by other scholars
[11,64], connecting the micro-macro properties of MHBSs.

Next, a simplified thermal-hydromechanical (THM) bond model, which considers the variation in the bond thickness
between soil particles, is established based on the mechanical responses of the contact model [22,65,9] in relation to envi-
ronmental parameters, namely temperature T, water pressure o, and MH density p.

Finally, a series of drained biaxial compression tests are simulated to investigate the mechanical properties of deep-
sea MHBSs by the DEM, where the simplified THM bond thickness model compiled by the C++ code is implemented. In
addition, the results from the DEM numerical simulation are compared with the triaxial experimental observations of Ma-
sui et al. [46].

2. Relationship between bond thickness and MH saturation
MH saturation is defined by the ratio of MH to the total pore volume, namely:

v
Swn = —H o 100% (1)
Vv
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Fig. 2. Simplified MH-bonding granules in the cementing type of MHBS.

where Vyy is the volume of MH and Vv is the total pore volume (including the MH).

It is difficult to analyze the microscale features of MHBSs using conventional experimental methods due to their metal-
logenic geological conditions. However, many useful explorations have been conducted in this area [11,64,66].

Jin et al. [64,66] used a microfocus X-ray CT apparatus with a higher spatial resolution to image the 2D and 3D fabric
of MHBSs to study their scale characteristics. The 2D and 3D images obtained clearly show the spatial distribution of the
sand particles, MH, and empty pores. Hyodo et al. [11] studied the microstructure of different MH saturation samples using
low-temperature SEM technology. The SEM images of the different MH saturations show that some gaps exist in the bonded
MH at particle contact. In other words, the bond thickness varies between soil particles, and the gap does not exceed a
certain value (i.e. the critical bond thickness, h®*) when MH forms in the cementing type of MHBS samples. Fig. 2 presents
simplified MH-bonding granules in the cementing type of MH-bearing soil. As shown in Fig. 2, the contact soil particles
are simplified as discs, particle 1 and particle 2 with radii ry and ry, respectively, in which the h7}** is the maximum bond
thickness of the contact between two particles. When the gap between soil particles is smaller than the value of h™**, MH
can form to bond the soil particles. The parameter h¢; is the minimum bond thickness connecting the center points of two
particles. B represents the bond width, varying along the disk surface, and is determined based on the geometric analysis.

B= \/4r2 — (2r — hm™ 4 hey)® )

where r is the common radius, and can be calculated by the equation r = 2rry/(r1 4 12).

The relationship between Syy and h}®™ can be established based on statistical analyses of the existing SEMs of MHBS
samples (i.e. the microscopic images of 30%, 50% MH saturation obtained by Hyodo et al. [11] and 86.3% MH saturation
from Jin et al. [64]).

Hyodo et al. [11] used a fine sand sample in which the particle size distribution is in the range of 0.09-0.4 mm with
an average particle diameter dsg of 0.2 mm, while Jin et al. [64] used a sand classified as a medium and fine grain, with a
particle size distribution in the range of 0.01-1 mm (dso = 0.32 mm). Although the particle size distributions are different,
both samples represent fine-to-medium-sized sand free from clay soil. Therefore, MH formation is independent of the in-
fluence of the difference in particle size. In addition, the porosity of the two samples is both 40%. Because of the different
average particle sizes, it is rational to normalize h$}®* by dividing it over dsq.

Fig. 3 provides microscopic images of a MHBS sample obtained by Hyodo et al. [11], in which Fig. 3(a) is a pure sand
sample that does not include MH and Fig. 3(b) is the SEM of the same sample with 50% MH saturation. The concept of
‘contour translation coverage’, which stems from the simplified quantitative analysis method of Shi [67] for analyzing the
microstructures of clayed soils, is adopted to determine the micro-bond sizes of MH. The contour of the clearly distinguish-
able particles and pores without MH translates to the same points on the microscopic image, with 50% MH saturation to
measure the corresponding MH bond size. First, CAD software is used to depict the outline of the main particles in a sam-
ple without MH. The outline contour is then translated to the same location over the sand sample of 50% MH saturation.
Finally, the MH bond thicknesses formed between the particles are measured and converted into the actual size according
to a scaling relation. Table 1 presents the MH bond thicknesses between the particles marked in Fig. 3(b). The size h{1®™* was
obtained from the length scale provided along the image. As illustrated in Fig. 3(b), there exists a red number (i.e. 33.83)
at the bottom, and the value of 33.83 represents a real length of 100 um. Then the natural size can be calculated from the
image size multiplying it by this factor (i.e. 100/33.83). The mean value of the eight groups of natural sizes is 15.6 pm. To
reduce the manual measurement error, the average value of 15.6 pm is used as the value of h{1® for the 50% MH saturation
sample.

Fig. 4 shows a SEM image of a 30% MH saturation sample obtained by Hyodo et al. [11]. As illustrated in Fig. 4, the
blue number is 16.9 at the bottom, and the value of 16.9 represents a real length of 100 um. Then the natural size can be
calculated by the image size by multiplying it by this factor (i.e. 100/16.9). The mean value of the twelve groups of natural
sizes, illustrated in Table 2, is 8.13 pm.

Fig. 5(a) presents an X-ray CT image obtained by Jin etal. [64] in which sand particles, MH regions, and empty pores
are colored in light gray, green, and blue in the electronic edition, respectively. The procedure for processing the image
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Fig. 3. SEM image of an MHBS obtained by Hyodo et al. [11]: (a) the sand specimen without MH; (b) 50% MH saturation of the MHBS specimen.

Table 1
Bond thickness values of Sy = 50% MH saturation (the unit of natural size: pm).
Image size 5.64 517 5.16 5.02 5.55 517 5.44 512

Natural size 16.7 153 153 14.8 16.4 153 16.1 151

Table 2

Bond thickness values of Syy = 30% MH saturation (the unit of natural size: pm).
Image size 1.33 143 14 1.39 1.28 1.34
Natural size 16.7 153 15.3 14.8 16.4 15.3
Image size 1.44 132 131 131 14 1.54
Natural size 16.1 15.1 7.75 7.75 8.28 9.11

is as follows. First, CAD software is used to draw the contours of the sand particles and the empty pores using blue and
green-colored lines respectively, as illustrated in Fig. 5(b). The total area of the particles Ss and of the pores S,, as well as
the total area of the representative sample S are then measured, and the MH saturation can be calculated using the equation
Smu = (S — Ss — So)/(S — Ss). In this case, the average hydrate bond thickness is about 30.7 nm, which corresponds to the
value of h(?** for the 86.3% MH saturation sample.
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Fig. 4. SEM of 30% MH saturation of an MHBS specimen [11].

In these three MH saturation samples (i.e. 30%, 50%, and 86.3%), the porosity of the samples is 40%, and the ds¢ of the
30%, 50% MH saturation samples is both 0.2 mm, while the dsp of the 86.3% MH saturation sample is 0.32 mm. To eliminate
the influence of the dsg, h(}®* is normalized by dividing it over dsq. Fig. 6 provides the relationship between the normalized
critical bond thickness h$}®* and the MH saturation Syu, which shows that the h7}®* gradually increases nonlinearly up to a
constant value with increasing MH saturation.

One can note in Fig. 6 that the value of h1®* equals zero when MH saturation falls below 20%. Previous studies [6,5,68]
have shown that MH preferentially forms at the particle surface in gas-rich MH-bearing sediments. The bonding effect of
the MH attached to the particle surface is not as strong as that of the MH cemented between particles. This is also validated
by the relationship between the deviator stress and axial strain of the MH-bearing samples obtained by Hyodo et al. [11].
The deviator stress of the 24.2% MH saturation sample is always slightly higher than that without MH, while the deviator
stress of the 35.1% and 53.1% MH saturation samples increases clearly with MH saturation. In addition, when the hydrates
nucleate on the boundaries of sediment particles and grow freely into pore spaces, the effect of MH saturation on the
strength characteristics of MHBSs is of little significance. When MH saturation is less than 20%, the bonding effects are not
obvious. So, we assume that when the MH saturation is less than 20%, the value of h{}® between the particles is zero.

The parameter h}®* is the maximum bond thickness of the contact between two particles; dsg is the mean diameter of
the soil. Since the particle size distributions used by Jin et al. [64] and Hyodo et al. [11] are different, the obtained value
of h{1® will be different and restrictedly useful. Hence, h3** is normalized by dividing dsg, which may provide valuable
guidance for future researches. Certainly, a different size parameter (e.g., d1o, dgo) can be chosen too for normalization. The
fitting relation between h;** /dso and Smu can be expressed by Equation (3), which meets the continuity requirement.

max 0 Smu < 20%
5; ={ —0.32685%,, + 0.4879Smu — 0.0815 20% < Sy < 70% (3)
50 0.1 Smu > 70%

Based on Hyodo’s SEM photos at the particle scale, MH bonds exist at the gap of neighboring particles. With the increase
of MH saturation, bond thickness would increase as the bond size B increases. Besides, more particle pairs would be newly
bonded by MH as the increased MH fills greater gap. h7}®* dependency on the MH saturation degree is a depiction of this
physical process. The h(1** dependency on the MH saturation degree, as shown in Eq. (3), is obtained by analyzing the SEM
images of the MHBS (Figs. 3-5). It is admitted that the relation drawn in Fig. 6 is greatly limited by the number of SEM
images of the MHBS. However, the fact that h}®*/dso gradually increases nonlinearly up to a constant value with increasing
MH saturation is used in this study as a possible link between particle scale and sample scale.

It should be noted the relationship between h[}®* /dsq and Syu, established based on real (3D) particle-scale images, was
used as a possible law linking the macroscopic methane hydrate content and the microscopic contact geometry. In 2D DEM
simulations, this cross-scale law borrowed from 3D samples at least provides the right way how h{}®* varies with Syy, that
is, h11® increases with Syy at a decreasing rate, not a constant or increasing one. Even though the law may not be accurate,
it is quite useful to study the mechanism of MHBS behavior with affordable samples of large enough amounts of particles
in 2D. Actually, due to the fictitious nature of 2D DEM simulation itself, there is no such cross-scale law to be claimed
‘accurate’ for 2D simulations. With the above consideration, the 3D-based cross-scale law was qualitatively applied in this
2D simulation.

Note that because the occurrence of MHBSs requires strict high-pressure and low-temperature conditions, it is an ex-
tremely expensive and also technical challenge to take undisturbed samples from the deep seabed. Moreover, the detail of
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Fig. 5. MHBS specimen used by Jin et al. [64]: (a) SEM image; (b) outline of the sample.

the SEM images of MHBS samples is greatly limited, thereby constraining the amount of micro-size information. Therefore,
Equation (3), proposed based on the currently available experimental data, may need further improvement in the future.
However, Equation (3) is the bridge connecting the micromechanical behavior captured by the DEM to the macroscopic
properties of MHBSs.

It is thus assumed that the bond between the particles affects the mechanical properties of the cementing-type MHBSs
only when the MH saturation exceeds 20%. Therefore, the volume of MH Vyy between particles can be calculated by the
following equation:

eV
VomH = Vv x (Smu — 20%) = 1
+e

x (Smu — 20%) (4)
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Fig. 6. Relationship between the normalized hydrate critical bond thickness h{}** /dso and MH saturation Syh.

In the two-dimensional DEM simulation, MH saturation is defined as the ratio of the area of MH to the total pore area.
Accordingly, the bond area of a single contact can be calculated by Equation (5):

1 max 2 B
Si= E(hcr + her) B + Br — 2r* arctan N (5)
Hence, the total bond area Spyy of MH-bearing sediments is calculated using Equation (6):

N N

1 5 B

ShvH = 21: S; = X]:(E(hgrlax + her) B + Br — 2r* arctan m) (6)
1= 1=

where N is the total number of contact bonds in the two-dimensional DEM MHBS sample.
3. Abond contact model considering the MH bond thickness
Fig. 7 presents the mechanical response of a bond contact model [9] in three directions. The rationality of the model

has been validated by experimental data [22,65]. The normal force Fy, the shear force Fg, and the moment M for an intact
bond are calculated by Equation (7a), (7b), (7c), respectively.

Fn = kpn(un — uo) (7a)
Fs < kpsAug + Fs (7b)
M < kpmAG + M (7¢)

where uy, is the inter-particle overlap; ug is the value of u, at the moment of bond formation (i.e. bond equilibrium); Aus,
and A6 are the increments of the relative shear displacement and relative rotation angle, respectively. kpy, kps, and kpy, are
the normal, tangential, and rolling bond stiffness, respectively. The method to calculate these stiffness parameters for bonds
will be elaborated in the latter part.

When the force/moment exceeds the bond strength in any direction, the bond breaks in a fragile manner. In this case,
the contact laws between the un-bonded grains are as follows:

Fn =knup (8a)

Fs < min[ksAug + Fs, itFn] (8b)
1

M « min[kmAe + M, anB} (8c)

where min[-] is the operator taking the minimum value; ky, ks, and ky, are the normal, tangential, and rolling contact
stiffness of the uncemented soil particles, respectively; w is the interparticle friction coefficient.
Note that Eq. (8c) is deduced theoretically in our previous study [18], in which the couple M at the contact is M =

3
%, where F, and B have the same meaning with that of this paper, K, is the normal stiffness. 6 = 2,(—an1' I is the
contact width, which is still distributed with the remaining intact point-bonds when two particles relatively rotate. When
the first breakage happens, [ = B, and M = %FHB. Therefore, the prefactor 1/6 is obtained based on mathematical derivation.

The physical scenario of the rolling resistance concept is as follows. Two discs are considered interacting through a finite
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Fig. 7. The mechanical response of a bond contact model: (a) normal direction; (b) tangential direction; (c) rolling direction.

length B, instead of a point, so that the moment can be transferred between the two particles. In this way, the mechanical
effects of particle shape angularity on soil behavior can be efficiently simulated with DEM. See a detailed mathematic
derivation and the related simplification in Jiang et al. [18].

In addition to breaking purely in the normal, tangential or rolling direction, the MH bond can break through combined
interactions in all three directions, which is the general case for most contacts. When the MH bond is simultaneously subject
to Fp, Fs, and M, the strength criterion can be represented as a three-dimensional strength envelope in the F,-Fs—M space,
as illustrated in Fig. 8(a). Fig. 8(b) and Fig. 8(c) show the bond strength envelopes, in which the tangential bond strength
Rs and rolling bond strength R; can be expressed as:

0.59
Rc + Rt
Ry = K Fn+R 1 9
s = fs X Ks x (Fn + t)X(n(Fn—i—Rt)) (9a)
0.59
Rc + R
Ri= fi x Ky x (Fn +R¢) x ( In 9b
x5y (n{ EEE)) "

where R. and R; represent the compression and tension bond strengths, respectively. Parameters fs, Ks, fr, and K; are
the fitting functional relationships with bond thickness h¢; connecting the center points of two particles in the experiment
using aluminum rods glued by a cementing agent, which can be calculated by Equation (10a)-(10d).

fs =2.05-0.89 x e~ (1000he—1.15)” (10a)
Ks = 0.41-61.07her (10b)
fr =2.05-0.92 x e~(1000ha—1.15) (10¢)
Kr = 0.83-146.36h,; (10d)

When the bond between the soil particles is broken, one grain comes into contact with a new particle. The residual tangen-
tial bond strength Ry and the residual rolling bond strength R can be obtained using Equation (8a).

The compression and tension bond strengths R. and R; are calculated by Equation (11) below according to the ex-
perimental results of idealized bonded granules with three different bond thickness values (i.e. 0.6 mm, 1.0 mm, and
1.5 mm) [65].

Rt = Rio +2.67 x 10°her (11a)
Re=Rco —4.18 x 10%h,, (11b)
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where Ryp and R are the MH bond tensile and compressive strength when h¢; is equal to 0.0 mm. Note that the values of
R and R are not equal to zero.

Eq. (3) was proposed from a MHBS sample test, which is exactly the material simulated in this work. Eqs. (9)-(11) was
proposed based on interparticle bond test results with cement as the bond material. Because the MH bond strength between
two particles has not been systematically tested so far, two types of bond materials (cement and epoxy resin) were tested
in our previous study, and it was found that cement can be used to represent MH. In the laboratory, aluminum rods are
bonded with cement. Similarly, in our simulation, sand particles are bonded with methane hydrate. Therefore, Eqs. (9)-(11)
obtained from experimental data can be applied to DEM simulation. Detailed information on the following equation can be
read from Jiang et al. [65,69].

In the micro-bonded granules experiments, calcium aluminate cement (CA-50), mainly consisting of hydraulic calcium
aluminates, is used as the cementing agent between the aluminum rods because of its quick hardening property. This type
of cement (CA-50) is nearly equivalent to the type-M cement based on ASTM (845-04 [70]. According to the GB 201-2000
standard [71], the compressive strength of the calcium aluminate cement mortar obtained by the standard measurement
method using the standard prismatic sample (i.e. width x length x height: 40 mm x 40 mm x 80 mm) is 50 MPa. The
bond compression strength obtained in the bonded aluminum rods tests is about 150 MPa for a bond thickness of 0.6
mm and the strength is approximately treble that of CA-50 (i.e. 50 MPa). This is possibly a result of the size and shape
effect (prismatic sample versus inter-particle bond). Therefore, it is assumed that the compressive and tensile strengths of
the micro-bond are calculated by multiplying the strength of the macroscopic triaxial samples by three. The micro-bond
strength of MH can be calculated in the same way. The feasibility of this approach has been verified in previous studies
[9,72]. The micro-bond compressive and tensile strength of the 0.6-mm bonds are calculated as follows:
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R{=3A X gmaxt =3 X 1 X B X qmax.t (12a)
R.=3A X qmax.c =3 x 1 X B X qmax.c (12b)

where A is the stress surface area; and B is the surface width of the stress, i.e. the MH bond width.

Under the conditions described in the literature [46], which comprise a temperature of 5°C, a pore pressure of 8 MPa,
and a hydrate density of 0.9 g/cm?, the tensile and compressive strengths of a MH sample are 4.74 MPa and 8.57 MPa,
respectively, based on the following Equation (13) for calculating the maximum deviator of MH, which is strongly related to
temperature T, water pressure o, and MH density p. The details of the formula derivation can be found in Jiang et al. [9].

qmax,c/Pa = 0.81(ow/pa) — 2.08(T /To) + 184.16(p/ pw) — 134.65 (13a)

gmax.t/Pa = 0.45(0w/pa) — 1.15(T /To) + 101.75(p/ pw) — 74.39 (13b)

where p, is the standard atmospheric pressure (1.01 x 10° Pa), To equals 1°C, and py is the density of water at 4°C .
Combining Equation (11) and Equation (12), the values of Ryg and R can be calculated as follows:

Rio=1.421 x 107 x B — 160.2 (14a)
Reo =2.571 x 107 x B + 2508 (14b)

Therefore, the MH tension and compression bond strength considering the bond thicknesses are obtained by combining
Equation (11) and Equation (14) as follows. Then, the values of Rs and R; can be computed based on Equation (9).

Ri=1.421 x 10’ x B+ 2.67 x 10° x her — 160.2 (15a)
Re=2.571 x 107 x B — 4.18 x 10° x he + 2508 (15b)

Under the normal force Fy, the overall deformation § is composed of two parts: the particle deformation §; and the
hydrate deformation §,. To simplify the calculation, it is assumed that the stiffness of the two particles is both equal to
kn and that MH stiffness equals kp. The normal bond stiffness kp,, can then be calculated by Equation (16), based on the
deformation of the particles and of the MH:

F F F knk
kbn _In _ n _ n _ n“mh (16)
1) 81+81  2Fn/kn+ Fn/kmn  kn + 2kmn
where the stiffness of the particles is calculated according to the conventional distinct element simulation, and the normal
stiffness of MH can be calculated by Equation (17).
BE
kmh = = (17)
0
where hg is the effective bond thickness that can be calculated by the equation hg = (h¢r +h3*)/2. The MH elastic modulus
Em can be calculated based on Equation (18), which is strongly related to temperature T, water pressure oy, and MH
density p [9].

Em/pa =3(ow/pa) —1.98(T /Tp) + 4950.50(p/pw) — 1821.78 (18)
Therefore, the overall stiffness can be expressed by Equation (19).
knBE
bn T (19)

~ kaho + 2BEn,
In contrast, referring to Jiang et al. [18], the tangential bond contact stiffness kps is often used in the empirical Equa-
tion (20) in the distinct element analysis:

2
kps = §kbn (20)

The normal stiffness is calculated by k, = 4RE., where R is the common radius of two particles, i.e. R = rzlrrrzz and E.
is the nominal elastic modulus. The tangential stiffness ks can be obtained based on the ky/ks ratio. The ky/ks ratio, equal
to 1.5 in this study, is an empirical value. The stiffness of the bond is calculated using Eq. (17) based on our previous study
[22,65,9].

Finally, according to the rolling bond model proposed by Jiang et al. [18], the rolling bond stiffness can be calculated by
the following equation:

fo _ kmnB? _ EmB’
T2 T 12n

In summary, the kyy, ks, and kpy, parameters, which are related to the effective bond thickness, can be obtained using
Equations (19)-(21), respectively.

(21)
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Fig. 9. Particle size distributions used in the triaxial compression tests conducted by Masui et al. [46] and DEM simulation.

53 mm

Fig. 10. DEM sample in DEM numerical simulations.

4. DEM simulation of the biaxial compression test

A series of biaxial compression tests are conducted to simulate the mechanical properties of MHBSs under different
effective confining pressures (i.e. 1, 2, and 3 MPa) and MH saturations (i.e. 26%, 41%, and 55%) by incorporating the simplified
THM bond model into the DEM. To compare the DEM simulation results of mechanical properties of MHBSs with those of
the laboratory triaxial compression test conducted by Masui et al. [46], the conditions in the DEM simulations are taken to
be the same as those in the laboratory triaxial compression test, i.e. a temperature of 5°C and a pore pressure of 8 MPa.
The particle size distribution of the Toyoura sand used by Masui et al. [46] is illustrated in Fig. 9. A close match of particle
size distribution used in the DEM simulations to the laboratory grading is evident from Fig. 9.

First, the sample is generated using the multi-layer under-compaction method (UCM) proposed by Jiang et al. [73]. Fig. 10
presents the size of the DEM sample generated with a width of 26.5 mm and a height of 53 mm. Note that the color-coded
grains are used to improve the visualization.

Second, when the overlap between particles is smaller than the critical bond thickness hZ}**, the MH bonds are applied
to the sample until the sample reaches the target MH saturation (i.e. Smy = 26%, 41%, and 55%). According to Equation (3),
h®* can be determined given the average particle diameter (i.e. dsp = 0.1694 mm, as illustrated in Fig. 9) and MH saturation
values. As shown in Fig. 10, the variable values of h[}®* can be obviously observed in the MHBS, represented by the black
line connecting the center of two particles.

To compare the macromechanical properties of the MHBS obtained from the DEM simulation with those of the ex-
perimental results, the sand specimen parameters of the DEM simulation are firstly calibrated and obtained based on
the macromechanical response of pure sand sample in the triaxial compression test. The calibration principle is that the
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Table 3
Sample parameters of DEM simulation.
Diameter of particles Fig. 9
Sample size 26.5 mm x 53 mm Total number in sample 20,000
Initial void ratio 0.24 Density 2.6 glcm?
Normal contact stiffness ky 3.0 x10% N/m Tangential contact stiffness kg 2.0 x 10® N/m
Bond width B Equation (2) Critical bond thickness hgi®™* Equation (3)
Tangential bond strength Rg Equation (9a) Rolling bond strength R; Equation (9b)
Tension bond strength Ry, Equation (15a) Compression bond strength R Equation (15b)
Bond elastic modulus En, 2.89 x 108 Pa Normal bond stiffness kpy Equation (19)
Tangential bond stiffness ks Equation (20) Rolling bond stiffness kpmy, Equation (21)
Inter-particle friction coefficient 0.5 Effective confining stress 1, 2, 3 MPa
(a) 4 T T . (b) 10
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Fig. 11. Relationship between the deviator stress and the axial strain of MHBS samples under different MH saturations: (a) the DEM simulation results;
(b) the results of the triaxial compression test. The graph is redrawn from Masui et al. [46].

mechanical responses (deviator stress—axial strain and volumetric strain-axial strain relations) of the DEM simulation are
qualitatively consistent with that of the triaxial compression tests, as close to the actual mechanical parameters as possible.

The frictional angle is equal to ¢ = 31° in the laboratory triaxial compression test. Parameters related to the specific
particulate material (i.e. the interparticle coefficient of friction uP and particle shape factor gP) are closely related to the
mechanical strength. The calibration parameters of the particulate material are ¢ =0 MPa and ¢ = 31°, respectively when
the corresponding parameters, i.e. the uP and BP are selected to be uP =0.5 and BP = 2.0, respectively. The void ratio of
the granular sample is 0.24. The DEM parameters of the granular material used in this study are provided in Table 3.

The shape factor is introduced to characterize the rolling resistance strength of an unbonded contact. The physical sce-
nario of the rolling resistance concept is as follows. Two discs are considered interacting through a finite length B, instead
of a point, so that the moment can be transferred between two particles. In this way, the mechanical effects of particle
shape angularity on soil behavior can be efficiently simulated with DEM. The shape factor g is used for calculating the
contact length B between two adjacent particles: B = SR, where R is the common radius of two particles, i.e. R = r2]rjrrrzz
See the detailed calculation of the shape factor in [74,9].

Finally, biaxial compression tests are conducted using a controlling strain loading rate of 5%/min in the quasi-static state.

5. DEM simulation results
5.1. Relationship between deviator stress and axial strain relation

Fig. 11 shows the relationship between deviator stress and axial strain under different MH saturations, with (a) present-
ing the results of the biaxial compression test, and (b) the triaxial compression test results obtained by Masui et al. [46].
As illustrated in Fig. 11, the macromechanical properties of MHBSs can be qualitatively captured by the simplified THM
bond model considering bond thickness. With the increases of MH saturations (i.e. Smy = 26%, 41%, and 55%), the deviator
stress increases linearly with increasing axial strain and reaches the peak deviator stress when the axial strain is about
2%. Subsequent softening behavior is observed with increasing the axial strain. With increasing MH saturation, the peak
deviator stress increases and the strain softening trend is more obvious. However, the values of the residual deviator stress
are similar under the different MH saturations.

The pronounced post-peak softening is a result of the quick development of localization in the simulated 2D plane defor-
mation. This may be better understood from lab test observations where plane strain loading is often easier to implement to
trigger strain localization than axisymmetric loading. As to the volumetric strain, it is the inherent flaw of 2D DEM, since the
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particles cannot move spatially into adjacent voids as accurately as in 3D simulations. Due to these limitations of 2D DEM
simulations, it seems meaningless to calibrate the parameters for the only purpose of matching the lab test results. Instead,
the authors focused on choosing parameters based on their physical meanings. Because of the shared granular nature, the
2D DEM simulation can still capture the major mechanical features of MHBSs, particularly material failure and instability.

In addition, the mechanical properties of MHBSs are affected by the different particle-scale MH growth habits. There
exist different types of MH formations such as pore-filling, cementation, or bearing loading types of MH in the laboratory
MHBS specimen, while there exists only one type of formation, i.e. the cementation type of MH in our DEM simulation.
Different MH formations can contribute to mitigate the destruction of MH bonds. This also results in a discrepancy between
the DEM simulations and the experimental results.

Fig. 12 presents the influence of the effective confining pressure on the measured strength of the MHBS, i.e. the relation-
ship between the deviator stress and axial strain in MH-bearing sediments for different MH saturations (i.e. Spy = 26%, 41%,
and 55%) at different effective confining pressures (i.e. 1 MPa, 2 MPa, and 3 MPa). The peak and residual deviator stresses
increase as the effective confining pressure increases at the same value of MH saturation. Under the same effective confin-
ing pressure, the peak deviator stress increases and the subsequent softening behavior is more obvious with increasing MH
saturation. A higher effective confining pressure can enhance the frictional force between the particles, thus more energy is
consumed to overcome the interparticle frictional force in the triaxial compress test.

Fig. 13 shows the peak and residual strength envelopes of MH-bearing sediments with different MH saturations (i.e.
Smu = 26%, 41%, and 55%) under different effective confining pressures (i.e. 1 MPa, 2 MPa, and 3 MPa). At the same confining
pressure, the peak shear strength obviously increases while the residual shear strength slight increases with increasing MH
saturation. Fig. 14 shows the relationship between the peak friction angle ¢, cohesion ¢, and MH saturation; the results
obtained from the DEM simulation are displayed in Fig. 14(a), whereas Fig. 14(b) shows the experimental results of Masui
et al. [46]. In a similar fashion to the experimental results, with increasing MH saturation, cohesion ¢ approximately linearly
increases, while the tendency of the internal friction angle is ambiguous in the DEM simulation. Methane hydrates formed
between particles enhance the adhesive characteristics of host specimens, thus the cementing effect contributes to the
increases in shear strength.
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The cementation type of MHBSs can be viewed as cemented soils based on the studies. The main behavior of MHBSs can
be well captured within the scheme of cemented soils. This is why the simulated MHBS has responses similar to those of
other cemented soils. Therefore, the existing constitutive model frame of cemented sand is getting the useful enlightening
for proposing a proper MHBS constitutive model. However, MHBSs have some unique features other than those of cemented
sand, for example: (1) the influence of particle-scale growth behavior of MH and (2) the temperature and pore (back)
pressure dependency, because they directly control the strength of MH. The h(}** studied in this paper reflects the feature
of particle-scale MH growth and the extent to which MH strength controls MHBS strength (because the bond strength
depends on both MH strength and bond geometry). Therefore, h7}** is an important parameter for capturing the unique
behavior of MHBSs.

5.2. Volumetric strain-axial strain relationship

Fig. 15 presents the relationship between the volumetric strain and the axial strain, in which (a), (b), and (c) are the DEM
simulation results under different MH saturations (i.e. Syy = 26%, 41%, and 55%) and effective confining pressure (i.e. 1 MPa,
2 MPa, and 3 MPa); and (d) the results of the triaxial compression test conducted by Masui et al. [46]. Fig. 15(d) shows
the MHBS sample with 40.7% MH saturation demonstrates volumetric contraction and then dilatancy with the increase of
axial strain. As illustrated in Fig. 15, the MHBS samples with certain MH saturation (i.e. Syy = 26%, 41%, and 55%) show
significant dilation after an initial shear contraction, in a similar fashion to the laboratory test results. With increasing
MH saturation, the volumetric dilatancy becomes more obvious. The presence of MH would enhance dilation. During the
compression process, MH crystals may detach form the mineral surface, and the specimen’s porosity declines. The MHBS
samples with MH bonds must roll across each other, which leads to the dilation of the specimens.

As to the volumetric strain, it is the inherent flaw of 2D DEM since the particles cannot move spatially into adjacent
voids as accurately as in 3D simulations. However, from the viewpoint of a geotechnical researcher, 2D DEM can satisfactorily
capture the strength features of soils, with carefully selected parameters, including the material failure and stability.

Fig. 16 demonstrates that the influence of the effective confining pressure on the volumetric response of MHBSs, i.e.
the relationship between the volumetric strain and axial strain of MH-bearing sediments with different MH saturations (i.e.
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Swvig = 26%, 41%, and 55%) under different confining pressures (i.e. 1 MPa, 2 MPa, and 3 MPa). When the MH saturations
reach 26%, 41%, and 55%, respectively, the sample firstly experiences volumetric contraction, then volumetric dilatancy. The
volumetric strain shows less dilation with increasing effective confining pressure at a given axial strain. Higher effective
confining pressure will increase the breakage of MH bonds and soil particles, then the particles move into the pore space
during deformation, decreasing the dilation of the specimens.

5.3. Critical bond thickness

Fig. 17 demonstrates that the influence of different critical bond thicknesses (i.e. h}}** = 0.00394 mm, 0.0108 mm,
0.0137 mm, 0.0149 mm, and 0.0168 mm) on the macromechanical behaviors of MHBSs, i.e. deviator stress-volumetric
strain-axial strain relation of MHBS specimen under the effective confining pressure of 1 MPa. As shown in Fig. 17(a), the
strain softening characteristics of MHBSs are more obvious with the increase in the critical bond thicknesses. The critical
bond thickness has a significant influence on the peak deviator stress of the MHBS. When the value of h}** tends to dso,
i.e. h1®™ /dso approximately equals one, the peak deviator of the MHBS shows a smaller increasing tendency. These results
conform to the variation tendency of MH saturations with h[# /dsq, as illustrated in Fig. 6. The residual deviator stress
of MHBSs largely remains the same at a larger axial strain under different values of h{}®*. As illustrated in Fig. 17(b), the
MHBS samples experience an apparent strain-softening behavior after an initial shear contraction. The volumetric strain
shows more dilation with the increasing of critical bond thickness at a given axial strain. The variations of hZ}®* between
soil particles correspond to a specific MH saturation value. It makes sense due to the peak shear strength and the dilation

of the MHBS increase with increasing MH saturation.
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5.4. Microscopic bonds
For the sake of brevity, the sample with Sy =55% under an effective confining pressure of 3 MPa is used to study the

distribution of the microscopic bonds. Fig. 18(a) demonstrates the deviator stress, axial strain, and volumetric behavior of
the MHBS sample with Sy = 55% under an effective confining pressure of 3 MPa. Three characteristic points corresponding
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to axial strains of 3.38%, 6.71%, and 15.04% were selected to study the macro/micromechanical responses of the MHBS, which
represent the peak deviator stress and the transition from volumetric contraction to volumetric dilatancy, the deviator stress
dropping from the peak to a relatively lower value, and the critical state (i.e. the deviator stress and volumetric strain remain
almost constant), respectively. Fig. 18(b) presents the distribution of the intact MH bonds at different axial strains of 3.38%,
6.71%, and 15.04%. Only the intact MH bonds are marked as red solid lines at the particle contacts. A shear band develops
in the sample and most of the bonds in the band break with increasing the axial strain. The percentage of broken bonds
increases with the expansion of the shear band.

Fig. 19 shows the relations between the percentage of intact MH bonds, deviator stress, and the axial strain of the
MHBS sample with Sy = 55% under an effective confining pressure of 3 MPa. The percentage of intact MH bonds, which is
defined as the ratio of the number of bonded contacts to the total number of contacts, decreases with increasing the axial
strain. The deviator stress drops from the peak to a relatively lower value due to the breakage of intact MH bonds during
deformation, and it gradually reaches the critical state at the axial strain of 15%.

5.5. Shear strain fields

The mesh-free methods proposed by Wang et al. [75] and Wang and Gutierrez [76] are used to measure the local strain
field to account for the particle rotations and capture strain localization features with high resolution. Fig. 20 shows the
distribution of the shear strain at different axial strains of 3.38%, 6.71%, and 15.04% for the 55% MH saturation sample under
an effective confining pressure of 3 MPa. Clearly, a pronounced and concentrated shear band is progressively shaped in the
sample, which grows thicker with increasing the axial strain. The shear behavior is distinctly restrained outside the shear
band by the intact bonds. Fig. 20 implies that the evolution of the shear strain is essentially related to the bonding breakage
illustrated in Fig. 18(b).
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Fig. 20. Distribution of the shear strain at different axial strains of 3.38%, 6.71% and 15.04% of an MHBS specimen with Syy = 55% under an effective
confining pressure of 3 MPa.

5.6. Evolution of the fabric

The contact fabric (F.) is defined to characterize an assembly’s microscale structure and its response during loading. F
represents the statistical arrangement of the contact direction in an assembly. Fig. 21 presents the distribution of the contact
directions at different axial strains of 0%, 2.54%, and 15.04%, with Syy = 55% under the effective confining pressure of 3 MPa.
With the development of axial strain, the direction of the contact between the particles forwards a vertical deflection. The
deviator stress deteriorates the isotropy of the granular assemblies to induce anisotropy in terms of directional contact
distribution. That is the higher proportion of contacts along the loading direction compared with contacts in the horizontal
axis.

6. Conclusion

In this study, we simulated the drained biaxial compression tests to investigate the macromechanical properties of deep-
sea MH-bearing soil by the DEM considering the variations of bond thickness between particles. Comparison between the
numerical and experimental data shows that the macromechanical properties of deep-sea MHBSs can be reasonably and
qualitatively captured by the DEM simulations. The results provide a basis for future research on the macroscopic constitu-
tive models of MHBSs. The main conclusions are as follows.
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Fig. 21. Distribution of the contact directions at different axial strains of 0%, 2.54%, 15.04% with Syu = 55% under an effective confining pressure of 3 MPa.

Equation (3) presents the fitting relation between the normalized hydrate critical bond thickness and the MH saturation,
in which lies the bridge connecting the microscopic distributional parameter of MH to the macroscopic properties of the
MHBSs.

The shear strength, cohesion, and volumetric contraction increase with increasing MH saturations, while MH saturation
has little influence on the internal friction angle. The strength and volumetric contraction of MH-bearing soils increase with
increasing the effective confining pressure.

The critical bond thickness has a significant influence on the peak deviator stress and dilation of the MHBS. As the
critical bond thickness increases, the peak shear strength and the dilation of the MHBS increase, while the residual deviator
stress of the MHBS largely remains the same at a larger axial strain.

With the increase of the axial strain, the percentage of broken bonds increases with the expansion of the shear band.
The evolution of the shear strain is essentially related to bond breakage.

The deviator stress deteriorates the isotropy of the granular assemblies to induce anisotropy as the direction of the
contact between the particles forwards a vertical deflection with the development of axial strain.

It should be noted that the mechanical properties of MHBSs is complex due to the different particle-scale MH growth
habits. In this paper, we studied the cementation type of MHBSs based on our experiment on calcium aluminate cement.
And the bond strength of these two bonding materials is different, thus the magnitude orders in terms of deviatoric stress
(for example) are very different. However, the contact model in this study can well capture the main mechanical properties
of MHBSs considering the variations of bond thickness between particles. Also, the mechanical properties of MHBSs are
dependent on temperature and pressure, and differ from those of cemented soils [22,65,9]. In addition, it is the inherent
flaw of 2D DEM, since the particles cannot move spatially into adjacent voids as accurately as in 3D simulations; the strength
features of the soils can be satisfactorily captured in 2D DEM. Three-dimensional simulation to investigate the element-scale
behavior of MHBSs will be our future work.

Different types of MH formations such as pore-filling, cementation, or bearing loading types of MH are existing in the
natural MHBS specimens, while there exists only one type of formation, i.e. the cementation type of MH, in our DEM
simulation. The macro/micromechanical behaviors of MHBSs including different types of MH need to be explored in future
research.
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