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[1] The physical properties of hydrate-bearing sediments depend on the interaction between hydrates and
minerals. In particular, hydrates prefer to nucleate on mineral surfaces, therefore, the hydrate-mineral
adhesive strength and the tensile strength of the hydrate mass itself affect the mechanical response of
hydrate-bearing sediments. In this study, ice and hydrates made with various guest molecules (CO,, CHy,
and THF) are formed between mica and calcite substrates. Adhesive and tensile strengths are measured by
applying an external pull-out force. Results show that tensile failure occurs in CO, and CH4 hydrates when
calcite is the substrate, while ice and all hydrates exhibit adhesive failure on mica. The debonding strength is
higher when calcite substrates are involved rather than mica substrates. A nominal pull-out strength of 0.15 +
0.03 MPa can be adopted for mechanical analyses of hydrate-bearing sediments.

Components: 6700 words, 6 figures, 1 table.

Keywords: adhesive; bonding; hydrate; strength; tensile.

Index Terms: 3004 Marine Geology and Geophysics: Gas and hydrate systems.

Received 3 January 2011; Revised 5 May 2011; Accepted 13 May 2011; Published 10 August 2011.

Jung, J. W., and J. C. Santamarina (2011), Hydrate adhesive and tensile strengths, Geochem. Geophys. Geosyst., 12, Q08003,
doi:10.1029/2010GC003495.

Waite et al. [2009]). Similarly, hydrate growth or
bonding onto pipe surfaces can have important
effects on fluid flow. Hydrates prefer to nucleate on
mineral surface if favored on mineral surfaces
[Fletcher, 1969; Kashchiev and Firoozabadi, 2002].
Molecular dynamic simulations corroborate exper-
imental observations and thermodynamic predic-
tions and show lower activity near substrates and
early water structuring that favors nucleation
[Kvamme et al., 2007, see also Clennell et al., 1999].

1. Introduction

[2] Gas hydrates consist of guest gas molecules
encaged in water molecules. The most common gas
molecule is methane, an abundant potential source of
energy, with worldwide reserves on the order of 500
to 10,000 Gt of carbon [Collett, 2002; Kvenvolden,
1988; Ruppel and Pohlman, 2008]. Geomechanical
analyses of hydrate-bearing sediments are necessary
to assess the evolution of the formation during or

after gas production, or during natural processes that
may cause dissociation in hydrate-bearing sediments
[Nixon and Grozic, 2007; Rutgqvist and Moridis,
2007; Rutqvist et al., 2009].

[3] The mechanical and conduction properties of
hydrate-bearing sediments are affected by the
hydrate pore habit and the bonding characteristics
between hydrate and mineral (general review by

This paper is not subject to U.S. copyright.
Published in 2011 by the American Geophysical Union.

[4] Once in contact with the mineral or metal surface,
the hydrate tensile strength or the hydrate-substrate
adhesive strength affect the strength and volume
change behavior of hydrate-bearing sediments sub-
jected to shear and the shear resistance to fluid drag in
pipes (see Brugada et al. [2010] and J. W. Jung, J. C.
Santamarina, and K. Soga (Stress-strain response of
hydrate-bearing sediments, numerical study using DEM
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Ice and Hydrate Strengths: Compilation of Published Results
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hemi 2
Sggf,h‘;gi'fs"y I JUNG AND SANTAMARINA: HYDRATE ADHESIVE AND TENSILE STRENGTHS 10. 1 029/2010GC003495

Geosystems | Jr

References

Conditions

Strength (MPa)

Strength Mode

Material

) g T § simulations, submitted to Journal of Gegphysigal
) S o Research, 2011) for discrete element simulation
— ) o] .

s 8 T = 2 results). However, most of the available strength

- o — —_ — . .

% s ?E S s 9 Sx data correspond to compressive loading. The pur-
Tt =8—82% & 8 & &8 pose of this study is to determine the adhesive and
SAa 22885 < = — =& .

ST S — . . = = 4 5 2 s -
S3&3 28873 g - % %z tensile strengths of CH, hydrate _CO hydrgte tet
Lo eSToR S g = g 3 83 rahydrofuran THF hydrate, and ice to calcite and
= = 0 ~ v .
SE55E8°T §0§ $ & 3 “i » mica substrates (Table 1).
s S ER=R
S528I3ERE 4 & & 88
2. Previous Studies
) Q
2 £z [s] Water and mineral interaction before hydrate
v =S o 2 formation are determined by surface charge. Mica
— — N y z [ M T . Q h . _
T, o @ T = (Muscovite-K,0-Al,053-Si0,) has a negative sur
~ — .8 . e
T~ 7 T E v %P T face charge at its equilibrium pH, forms a strong
= — N LE~ =R L — . .
- Qs SlwT 5 B hydrogen bond with water, and exhibits a low con-
ol o A (NS g O, \cl < L 2 C\‘l y g
ST,ouwad z2o25800 Sz ca tact angle (6 < ~5°) [Maslova et al., 2004]. On the
e eS8 t“F ES3T g5 o \ other hand, calcite (CaCOs3) has a positive surface
. — o ot .
2= e . = Ews 1“ o8 1 _‘é = charge, forms a weak bond with water and the water-
B=) = = = ©n . . .
s g8 g L S eTET, 28 vapor-calcite contact angle is high (6 =~37°) [Osawa
EEEuEES58EIEESEQES et al., 2008].
PEPEL 273802505 E
M ;)Q M _§ ; S2 3N g M S i BN o [6] After phase transformation, ice or hydrate can
n o> R 0 e Jo .. . . N
& ME ; 22838 S SRLT AT ERE mobilize additional mechanical interaction effects
honzZstssge=gSe % S Sz § with the mineral. For example, an increase in surface
=0 2 = s . . .
GV EE 22207V ENZ roughness typically results in greater adhesive
EEEEEIIw 10w g . . .
FER<HAMME ~ H = =M strength due to the increase in the total effective area
available for adhesion and the development of
mechanical interlocking ([Adamson, 1997; Petrie,
T ¢ 2007] note that roughness may decrease strength if
v <t
< ol — . .
I == it prevents the formation of contacts when a hydrate
xS & =B=: . : .
I B R p== Z o S< mass is brought into contact with the substrate). We
“~naae8c o S o 2 note that a thin liquid-like layer may remain between
N = = = — +~ — . . .
f g em@o g Sg &~ £ o § § ice or hydrate and the mineral surface; then, capil-
SSnSSsSSSa @ 8 o S lary adhesion may dominate the adhesive strength
between hydrate and atomically smooth mineral sur-
faces [Anklam et al., 2008; Churaev, 2004; Clennell
- g - et al., 1999; Fan et al., 2003; Tsionsky et al., 2005].
= = =
2z z = [7] Previous studies on the strength of ice and hydrate
g 7 5 g z emphasized compressive strength. The compressive
5 2% z 8 strength of ice is inversely proportional to tempera-
2 22 3 2 ture and it can range from 5 MPa at 0°C to 25 MPa at
2 E7 £ 5 & ; g
z g2 £ £ s —20°C [Petrovic, 2003]. The tensile strength of ice is
e SZ2 3 < | lesssensitive to temperature and varies from 0.7 MPa
O . .
= at0°Cto 3.1 MPaat—20°C [Petrovic, 2003]. The ratio
< between the tensile o, and compressive o, strengths
2 g for ice varies with temperature T [°C] as follows
;; o [Petrovic, 2003]:
5 | =
% + é ocf/or = —0.1789 - T + 3.9653 between 0°C and — 35°C.
2 z 2 |3 (1)
=] = .S s
2 2 =2 | E . .
2 £ = |&  Both tensile and compressive strengths are propor-
8 8 S = tional to strain rate, and inversely proportional to

2 0of9



gk Geochemistry 7
@\ Ggg;h‘;g;éss ry | JUNG AND SANTAMARINA: HYDRATE ADHESIVE AND TENSILE STRENGTHS 10.1029/2010GC003495

| Geosystems  {{ I

deformation
——

32 mm
beam

Figure 1.

cantilever

controller

hydrate

pressure
chamber

| | strain gauges

Device built to measure tensile strength. The load cell consists of a cantilever beam instrumented with

strain gauges. The device is placed inside P-T controlled pressure chamber (Sketch is not to scale; dimensions are

in millimeters).

specimen size and grain size [Petrovic, 2003]. The
ice-substrate adhesive strength depends on the sub-
strate material and temperature. For reference, con-
sider the following reported values: o, = 0.21 to
0.34 MPa for ice-aluminum at [Javan-Mashmool
et al., 2006], o, = 0.19 to 0.33 MPa for ice-
polystyrene at —5°C, and o, = 0.53 to 0.54 MPa
for ice-stainless steel at —10°C [Jellinek, 1959].

[8] The compressive strength of methane hydrate
can be 20 times higher than that of ice [Durham
et al., 2003b]. The compressive strength of meth-
ane hydrate is inversely proportional to temperature
and directly proportional to strain rate and confining
pressure [Durham et al., 2003a, 2003b; Hyodo et al.,
2002; Nabeshima and Takai, 2005; Stern et al.,
1996, 1998, 2000]. The adhesive strength between
two THF hydrate particles increases with the contact
duration #* and the ambient temperature, for exam-
ple, from 0.45 to 1.78 kPa when the contact duration
increases from 1 s to 40000 s, and from 0.63 to
2.55 kPa when the temperature increases from +2.5°C
to —10°C (subcooling dependent) [Nicholas et al.,
2009; Taylor et al., 2007; Yang et al., 2004].

3. Experimental Study
3.1. Equipment and Materials

3.1.1. Device for Tensile Stress Measurements

[v] Two substrates of the same mineral were
positioned parallel to each other to form a cylin-
drical body of either ice or hydrate between them
(Figure 1). One substrate was mounted on a defor-
mation-controlled driver that was used to impose the
horizontal pull-out motion (Figure 1). The other

substrate rested on a relatively rigid cantilever beam
that was instrumented with strain gauges to measure
the pull-out force (General Multi Purpose Linear
Pattern Strain gage from Vishay). The full bridge
circuit had two active gauges and two dummy gau-
ges for temperature compensation. The cantilever
beam load cell was calibrated using gravity loading.

3.1.2. Pressure Chamber

[10] The device was placed inside a high-pressure
chamber that has a sapphire window to observe the
evolution of the test. The chamber was surrounded
by a copper pipe and an insulation layer to control
temperature. Cell pressure and temperature were
continuously recorded using a data logger.

3.1.3. Materials

[11] Two mineral substrates were used in this
study: mica (Muscovite-K,0-Al,05-Si0,) and a
calcite crystal (CaCOj;). The mineral substrates
were cemented using cyanoacrylate onto the steel
pedestals mounted on the cantilever beam and the
deformation-controlled driver. The guest molecules
selected for hydrate formation were CH4, CO,, and
THEF. The THF solution is 81% H,O and 19% THF
by mass to form 100% hydrate (i.e., stoichiometric
mixture THF-/7H,0). An additional series of tests
was conducted on ice.

3.2. Test Procedure

3.2.1. Specimen Preparation

[12] The instrumented cantilever beam, the defor-
mation controller and the chamber were assembled
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Figure 2. Experimental results: (a) water meniscus between mica substrates, (b) CHy4 hydrate formation, (c) adhesive
failure between CH,4 hydrate and mica substrate, (d) water meniscus between calcite substrates, (¢) CH, hydrate for-
mation, and (f) tensile failure between CH,4 hydrate and calcite substrate.

together. A 2.7 mm gap was left between the two
parallel substrates. Then, a droplet of water was
placed between the substrates to form a quasi-
cylindrical specimen (height = 2.7 mm, diameter =
4.8 to 8.6 mm, mass = 63 to 202 mg; note that
while the water droplet was stable when the mica
substrates were vertically aligned, tests with calcite
substrates required turning the chamber to align
the substrates in the horizontal direction so that the
water meniscus would remain in place). Finally, the
chamber was closed and ready for testing.

3.2.2. Ice and Hydrate Formation

[13] Ice was formed at atmospheric pressure and
tests were conducted at a temperature of —5°C. The
THF solution forms hydrate structure II under an
atmospheric pressure of ~4.4°C; the THF hydrate
was tested at a temperature slightly above ~0°C to
avoid any ice formation. The two gas hydrates were
formed by filling the chamber with gas, followed
by pressurization (~8 MPa for CH, hydrate, and
~3.5 MPa for CO, hydrate) while lowering the
temperature to ~2°C (the phase boundaries at 2°C
are at 2.8 MPa for CH4 hydrate and at 1.5 MPa for
CO, hydrate). Hydrate formation was confirmed by

visual inspection through the sapphire window
(Figures 2b and 2e) and by the exothermic response
detected with the thermocouple.

3.2.3. Tensile Load

[14] The induction time for hydrate formation
ranged from 8 to 17 h; for comparison, the diffusion
time for CO, and CH, in water is around t = (d/2)%/
D=1.6to 5.1 h (where d = meniscus diameter, D =
diffusivity; data in the study by Jung et al. [2010]).
The pull-out tests were run about ~10 h after hydrate
or ice formation. The bridge output was recorded
every 2 ms and converted to force using the cali-
brated response. The pull-out force was increased
until failure (Figure 3). Tensile or debonding failure
were determined from microphotographs obtained
through the sapphire window immediately after the
failure (examples in Figure 2c¢).

4. Experimental Results

4.1. Failure Mode

[15] Debonding failure occurred in all cases when
mica was the substrate, including ice and all hydrates
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Figure 3. Typical force-time response (case: CHy
hydrate on a calcite substrate).

(e.g., CH4 hydrate, CO, hydrate, THF hydrate).
When calcite was involved, the failure mode was
tensile failure for CH; and CO, hydrates and
debonding failure for THF hydrate and ice (see
summary in Figure 4; note that upper and lower
bound strength estimates for CH4 and CO, hydrates
are discussed in the next section). Differences in
failure mode could relate (1) to the role of impurities
on mineral surfaces and their effect on nucleation
and crystal growth, and (2) to differences in elec-
trical interactions, such as marked water-mineral
affinity that could hinder hydrate formation on the
mineral surface [Kvamme et al., 2007]. Mica has
oxygen on the surface and evolves stronger H bond
interaction with water than calcite which has cal-

cium ions on the surface [Perry et al., 2007; Wang
et al., 2009, 2005].

4.2. Strength

[16] Both the THF solution and water convert into a
100% solid mass of either THF hydrate or ice. In
these two cases, the pull-out force is divided by the
specimen cross-sectional area to compute strength.
The computation of strength is more complex in
the case of diffusion- and solubility-limited CO,
and CH, hydrate formation. The lower bound
strength is estimated assuming that the complete
water mass converted into hydrate. The upper
bound requires estimating the thickness of the
hydrate ring that forms when hydrate grows from
the liquid-gas interface into the liquid phase (J. W.
Jung and J. C. Santamarina, Hydrate formation and
growth in pores, submitted to Journal of Crystal
Growth, 2011): experimental results suggest that
the hydrate thickness 10 h after initial formation
can reach 1.9 to 2.3 mm when hydrophilic sub-
strates are used and 2.1 to 2.3 mm on hydrophobic
substrates; using this estimate of thickness, we
compute an upper bound for the tensile strength of
CH,4 and CO, hydrates. Results in Figure 4 show
(1) that the adhesive strength is higher when calcite
is involved (this applies to all cases, including CO,
and CH4 hydrates which failed in tension before
debonding) and (2) that the pull-out strength lim-
ited by either tensile or adhesive failure will rarely
exceed 0.20 MPa.
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§ o015 1 ;
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Figure 4. Hydrate adhesive and tensile strengths. Assumed cross section: filled symbols correspond to 100% forma-
tion, while empty symbols correspond to annular hydrate formation. (Refer to Table 1 for previous studies.)
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Figure 5. The relevance of tensile or adhesive hydrate strength on the shear strength of hydrate-bearing sediments.
(a) Bonded hydrate mass in a simple cubic packing configuration. (b) Force diagram for a single particle.

[17] Calcite surfaces used in this study were rougher
than the atomically smooth freshly peeled mica
surface [see also Szoszkiewicz et al., 2005]. Increased
surface area available for bonding, and mechanical
interlocking can contribute to the higher adhesive
strengths exhibited by all hydrates and ice when
calcite was involved.

5. Analyses and Discussion
5.1. Adhesive Strength

[18] Values measured in this study are 2 orders of
magnitude greater than previously reported values
of adhesive strength between hydrate-substrate or
hydrate-hydrate surfaces brought into contact
[Aspenes et al., 2010; Nicholas et al., 2009]. This
result shows that hydrates that nucleate and grow
on a solid surface experience significantly greater
adhesive strength than when the hydrate mass
contacts a solid surface after hydrate formation.
Possible contributing factors include (1) the role of
surface roughness allowing for hydrate growth in
crevices, versus roughness reducing the number of
contact points when solids are brought into contact
and (2) the displacement of surface impurities
during hydrate nucleation and growth, versus
impurities preventing bonding when two solids
approach each other. In addition, devices used to
measure adhesive strength also affect the measured

values: flexible beams impose a “peel-off” type of
mechanical action which is equivalent to a propa-
gating local tensile failure (as in the study by
Aspenes et al. [2010] and Nicholas et al. [2009]); in
contrast, the more rigid pull-out system used in this
study imposes a relatively homogeneous tension
throughout the specimen.

5.2. Implication on the Shear Strength
of Hydrate-Bearing Sediments

[19] Published experimental results show that the
shear strength 7, of hydrate-bearing sediments is a
function of the normal stress o, the friction angle
¢, hydrate saturation S, and hydrate habit in pores
[Ebinuma et al., 2005; Hyodo et al., 2008; Masui
et al., 2005; Yun et al., 2007]. The simple cubic
packing of round mineral grains size R sketched in
Figure 5 helps assess the interplay between these
parameters. The shear force T required to shear the
upper row of particles relative to the lower row is
related to the normal load A, the interparticle fric-
tion coefficient u, the cross-sectional area of the
hydrate mass a and the hydrate tensile/bonding
strength o; (note that the compressive resistance of
a transverse hydrate “truss” is not included in this
analysis to emphasize the limiting effect of a tensile
failure):

T=N-u+a-o, - cos45°. (2)
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These parameters can be converted to distributed
variables shear stress at failure 74 normal stress o,
and hydrate saturation Sj,; using the following
mechanical and geometric considerations (see details
in Figure 5):

T N

Vi 2a(V2—1)R
T T ar T 4R B

=0t (3
Vy S8R —3aR ®)

Shya =

Then, equation (2) can be written in terms of distrib-
uted, equivalent continuum parameters as follows:

Tf:antan¢+l.6 Shydo't~ (4)
This expression provides a first-order physical expla-
nation to the effect of hydrate on the shear strength of
hydrate-bearing sediments and shows that the
hydrate-mineral tensile strength determines the Mohr-
Coulomb cohesive intercept. Clearly, an alternative
hydrate pore habit will have a different effect on
strength.

5.3. Local Hydrate Dissociation

[20] We used finite elements to study the change in
internal stress within the hydrate mass during tensile

loading. The simulation conducted in ABAQUS,
involves an axisymmetric specimen geometry similar
to the one observed in the experiments (Figure 6a).
The hydrate mass is modeled as an isotropic linear-
elastic body, bonded to the two end-platens, and
subjected to a constant hydrostatic pressure at the
hydrate-gas interface. The stress change within the
specimen is monitored during the isothermal, dis-
placement-controlled tensile test (Figure 6b). Results
show that the mean stress at the center of the hydrate
mass decreases and eventually migrates outside the
hydrate stability field (Figure 6¢). This suggests the
possibility that the tensile failure of a hydrate mass
may be the result of local stress conditions that cause
hydrate dissociation.

6. Conclusions

[21]1 The hydrate-mineral adhesive strength and the
tensile strength of the hydrate mass itself affect the
mechanical response of hydrate-bearing sediments.
Both tensile and debonding failures are dependent
on mineral substrates. When mica is the substrate,
debonding failure occurs for ice and all hydrates
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(e.g., CH4 hydrate, CO, hydrate, THF hydrate).
When calcite is involved, the failure mode is tensile
failure for CH4 and CO, hydrates and debonding
failure for THF hydrate and ice. Therefore, the
adhesive strength is higher when calcite is involved
in all cases, in part because calcite surfaces are
rougher than atomically smooth freshly peeled
mica surfaces. In addition, there is a lower proba-
bility of free water at the calcite-hydrate interface.

[22] The tensile strength of CH, and CO, hydrate
is 0.20 £ 0.03 MPa. This strength is significantly
greater than published adhesive strength values
between a hydrate mass brought into contact with
solid surface. It is anticipated that surface rough-
ness and impurities play very different roles when
hydrate nucleates onto the substrate and when the
hydrate mass is brought into contact with the
substrate.

[23] Soft-flexible devices may impose a “peel-off”
type of loading which causes a propagating local
tensile failure. In contrast, in-line pull-out systems
create a homogeneous tension throughout the
specimen and are prone to render a higher strength.
Numerical FEM simulation results suggest the
possibility that the tensile failure of the CO, and
CH,4 hydrate mass may result from local hydrate
dissociation during tensile loading due to an effec-
tive decrease in internal stress.

[24] The grain-scale adhesive and/or tensile
strength between hydrate and mineral grains affects
the strength of hydrate-bearing sediments. A par-
ticle-scale micromechanical model shows that the
hydrate-mineral tensile strength determines the
Mohr-Coulomb cohesive intercept.

Notation
f contact angle (°).
o, tensile strength (MPa).
o. compressive strength (MPa).
T temperature (°C).
t time (h).
d meniscus diameter (m).
D diffusivity (m*/min).
77 shear strength (MPa).
0, mnormal stress (MPa).
¢ friction angle (°).
S, hydrate saturation.
R radius mineral grain (m).
T shear force (N).
N normal force (N).

p interparticle friction coefficient.
a cross-sectional area of the hydrate mass (m?).
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