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SUMMARY

The amount of carboirapped in hydrates isstimated to bdarger thanin
conventional oil and gas reserxs, thusmethane hydratis a promising energy resource.
The hgh water pressure artte relatively lowtemperature needddr hydratestability
restrict the distribution ofmethane hydrage to continental shelvesand permafrost
regions Stability conditionsadd inherent complexityto coring, sampling, handling,
testing anddatainterpretation and haveprofound implications onpotential production
strategies.

New guidelines ar@entifiedfor sampling equipment and protocols. Themoael
technology isdevelopedor handling, transfeng, and testing of natural hydrate bearing
sediments without depres&ationin order to preserve the sedimettuctue. Natural
samples fromthe Nankai Trough, Japaare tested as part of this study.

In-situ testing prevents dissociation and the consequences of sampling and
handling disturbanceA new multi-sensorin-situ characterization tool idesigned and
prototyped as part of this resear@he tool includes advanced electronics and allows for
automated stanrdlone operation.

Finally, arobust analytical model is developed to estimtheeamount ofgasthat
can be recovered from hydrate bearing sediments usimgpressurizationdriven
dissociation Resultshighlight the complexity of gasxtraction from deep sediments, and

inherent limitations.
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CHAPTER
| NTRODUCTI ON

1.1 Methane Hydrate Bearing Sediments
Natural gas ydratesare crystalline compoundsiade of a hydrogebhonded
framework of water moleculesGas moleculedill cageswithin the hydrate lattice
structure (Carroll, 2009)Methane, ethane, propane, and carbon dioxide and their
mixtures can also form hydratdatural gas hydrate can be found in continental shelves
or in permafrost regions around the world (Figure 1.1). This research focuses on

structurel methane hydrates found in marine sediments along continental margins.

600

(m]

500

~ 1400

+ 1300

4200

100

90S

180W : 180E

Figure 1.1.Natural methane hydi@asystems: Methane hydrate stability zone thickness
in marine sediments (Pifiero et al., 2013).



Figure 1.2 shows the phase boundary for natural gas hydrate. The formation of
gas hydrate may be watesr gaslimited. Then wateandhydrate, iceandhydrae, or

gasandhydrate might coexist.

50
40
E § Water + Hydrates
=30 §
2 £
7 + Gas + Hydrates
o 20 - )
o o
a
10 Water + Gas
0 T T T T
265 / 275 285 295

Ice + Gas Temperature [K]

Figure 1.2.Phase boundaries for methane hydrate an(Sican and Koh 2007)

Hydrate formation is hindered in small pores and by high pore water salinities.
The total global inventory of carbon in methane higsas in therange of ~550GtC
(gigatons of carbon; Pifiero et al. 201Byven the lowest estimates suggest that the
amount of carbon in methane hydrate exceeds that of coal, oil and gas reserves (Sloan

and Koh 2007; Boswell and Collett 2011).

1.2Energy GecTechnology

Let s define quality of Il ife QL as a
infant mortality rate, and average years of schooling. Then, quality of life is strongly
correlated with power consumption (Figure-a;3asten and Santamarina, 201

Energy consumption per capita has increased consistently during the last century.

Fossil fuels are the primary source of energy (about 80% of the total energy



consumption; Figure 1-B). The availability of petroleum and gas, and the advancement
ofdi 'l ing and fracking methods that ma d e
delayed fieldscale studies of gas production from hydrate bearing sediments in the USA.
On the other hand, countries like Japan, India and South Korea lack standard fuel

resenes and have placed emphasis on hydrates.

b) 2000
)
8
© 1800 -
a) o
10 82
2 5 1600
23
g0
8 _,\"G// W= 1400
Israel ‘b';.-/,-’ ‘s
Georgia.. . '.: /‘r‘/' 2 1200 ; ;
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2 Srilanka o 4 -)',‘ «%6 } Year
= e oo ®*®Saudi
s S Arabia C)
>
= 4 ® South Africa 100 -
3 c \ Fossil fuel
<} o 80 -
2 [
T I J
§§ 60
8% 40 )
0 - : ‘ ZE Alternative
0.01 0.1 1 10 a:s 20 - Renewable
Energy Consumption Rate, ECR [kW/person] w .
0 - : .
1960 1980 2000 2020

Year

Figure 1.3.Energy geetechnology: (a) Energy and quality of life (Pasten and
Santamarina, 2011). (b) Energy use per capita. (c) Energy consumption (data from
World Bank, 2013). Note: Fossil fuel = coal, oil, pé¢um and gas products; Alternative

= noncarbohydrate energy (hydropower and nuclear, geothermal and solar); Renewable
= solid and liquid biomass, biogas, industrial waste and municipal waste.

1.3 Reservoir Characterization

Gas production from methane hgtk reservoirs and seafloor instability caused
by dissociation are geotechnical problems (Figure 1.4). The physical properties of
hydrate bearing sediments determine production methods, well design, and are required

for slope stability and bearing capadtyalyses.

g



Recovery strategies
Slopes stability

Environmental = methane

Production release due to changes in water

Bearing capacity depth and/or temperature
Settlement

U

Impact in carbon cycle (climate
change models)

.'.oplume sfjr"ginal
Hydrated N Zace
sediment N
block

Flow of gas  Dissociated -

/ in low hydrate layer
_____________ Stable density
zone mud

Figure 1.4.Hydrate Bearing Sediments: Geohnical implications and impact. (a)
Production implications. (b) Environmental impact.

The study of methane hydrate bearing sedimeassinvolved disturbed samples
and reformed hydrate in labdoay experiments (Figure 1.5). The introduction of
pressure coring ec hnol ogy in the 199006s all owed t
within stability conditions. The need to test pressure cores led to a new set of tools able
to manipulate and test samplegthout ever removing them from the stability field.
These devices have been named Pressure Core Characterization Tools PCCTs (Chapter
3). The PCCTs were successfully deployed in Japan to test pressure cores from the
Nankai Trough (Chapter 4).
Even whenhydrate is preserved using PCCTs, coring and drilling disturb
samples (Chapter 2). To avoid sampling, a newsitin characterization tool was
designed to gather field information and to measure propertisguinChapter 5).
Finally, Figure 1.5 shows tha | | parameters gathered fronm

samples, post dissociation samples with reconstituted hydrate and with-gita in



characterization tool can be processed and synthesized through an informatiorh A1 T
tool 0 (not p a r Resemvdir datahandsphysicalsparanmreters are used in

production analyses (Chapter 6).

> Disturbed <~
o Samples N
’ N
I, \\
[ Y
] 1
PCCTs In-situ
(Chapter 2, 3 and 4) (Chapter 5)
IT Tool
Geo-tech
Analysis and
Design
(Chapter 6)

Figure 1.5.Comprehensiveharacterizatiowf methane hydrate bearing sediments.

1.4Thesis Organization
This thesis centers on the analysis and characterization of raethainate
bearing sediments. The main chapters address the following critical issues:
1 Chapter 2sampling disturbance and guidelines for new sampling tools.
1 Chapter 3new tools for theharacterization of pressure cares
1 Chapter 4 physical properties opressure cores recovered from the Nankai

Trough, Japan.



1 Chapter 5: new hsitu characterization tool.
1 Chapter 6 engineering analysis of productidimits from hydrate bearing
sedimentdy depressurization.

Finally, Chapter 7 summarizes thmainconclusios and findingdrom this thesis



CHAPTER
SAMPLI NG LI MI TATI ONS DURI NG PRES

2.1 Introduction

Sampledisturbanceduring drilling, cutting and extractiolimits the validity of
geotechnical engineeringnalyses and desigsampling implies tre loss of effective
stress and associated sddstructuring(Santagata and Germaine, 2005; Santagata and
Germaine, 2002)When sampling changethe soil structure, the classical-loading
techniques will nbreproduce the original stresgainresponsdlLadd and Foott, 1974;
Tanaka, 2000; Tanaka et al., 2002; Hird and Hajj, 1995)

Methane hydrate is stable at high water pressure and low temperature. Hydrate
dissociation will result in free water and gas, and a 172 times expansion of the original
hydratevolume. This expansion is particularly disruptive in the case of hydrate bearing
sediments.

The proper design of sampling equipment and procedures plays a critical role on
the accuracy of measured properties. This chapter summarizes soil samplinguaisturb
and describes current sampling technology for marine sediments. Finally, it recommends

guidelines for sampling equipment design.

2.2 Literature Review

Sample extractioncan be classifiedinto six categories(Hvorslev, 1949)
displacement boring, v8a boring, percussion drilling, rotary drilling, auger boring and
continuous sampling.This classificationcan be extended taonsider accessible
exploration methodssuch as trenches, tunnels, andissons among other3he
associated degree of disturbartpends on soilype, cementation, particle diameter,
and insitu conditions.

Additional conditions for sampling disturbance occurs dusagplehandling



from the site to the laboratgrgxtrusion of the sample from the sampler, and trimming
to preparaghe sample to be testéBaligh et al. 1987; Ladd and DeGroot, 2003)

The t edistrbeé sampierefers to specimens that have experienced
minimal disturbanceso that all properties after samplingre relevant to #situ
conditions( Hvor s| evde dD 4 9ig usedlfia desgribe conditions where the
disturbanceare onlycaused by stress relaxation (Fig@rg). In this casethe stress path
is known andsamplingcan beanalyzed usinghe strain path methg@aligh et al., 1987;
Ladd and DeGroo®2003; Safagah and Riemer, 2008pwever, ideal sampling does not
take into accounthe sampleinsertion,shear stresses due wall friction and sampler

imperfectiongClayton and Siddique, 1999)

A
(01 ,'0-3, )/2 kO

>
B (0,+03)/2

Figure 2.1.ldeal sampling: Point A is isitu stateof stress, B is the isotropic state of
stress (modified from Baligh et al., 1987

Sampling disturbancenvolves (Hvorslev, 1949;La Rochelle et al. 1981;
Skempton and Sowa, 1968lird and Hajj, 1995; Santagata and Germaigeo5;
Santagata and Germajriz002;Horng et al. 2010Li et al. 1997 Budhu and Wu1992;
Clayton et al. 1998; Karim1984) change in stresxchange invoid ratio, change in
degree of saturationgdisturbance of soil structure, chemical changmixing and
segregation of soil constients, and altered conditions for bioactivity.

The consequences of sampling disturbance include (Budhu and Wu, 1992,

Clayton and Siddique, 1999; Long, 2002; Long, 2003; Safagah and Riemer, 2006;



Santagata and Germaine, 2002; Siddique et al. 1999)
1 Redudion of preconsolidation stress

Reduction of initial stiffness

Increasef post yield stiffness

Increase othe strain at peak failure

Increase of recompression index

Decrease othe virgin compression index

Reduction of shear modulus

Destrution of the internal structure

- == =2 4 A -a -2

The effects osamplingdisturbancean fine-grained soilsarelesspronouncedn
soils with intermediate OCR than in normally consolidated soils (Santagata and

Germaine, 2005; Siddique et al. 1999)

2.2.1 Plugging

Friction developsn the soil column as it enters the sampler. The sanmgr
plug andlimit the length of recovered soiRlugging can develop under all types of
driving conditions (Iskander 2011), and the recovesathpleis severely affected
(Hvorslev, 1949; La Rochellet al. 1981) An analogue condition develops during pile
driving (Paikowsky 1990). Plugging has been studied using field tests (Brucy 1991; Paik
et al. 2003), laboratory tests(de Nicola and Randolph 1998)and through
analytical/numerical methods (Leoagd Randolph 1991; Murff et al. 1990; Randolph
et al. 1991).

Plugging results fromthe archingwithin the sediment as side friction develops
between the wall and the soil (Paikowsky 1990; Paikowsky and Whitman 1990;
Paikowksy et al. 1989; Randolph et 8991) The penetratiorresistance increases with
depth: the plug forms when the resisting force exceeds the bearing capabitysoil

(Paikowsky and Whitman 1990nside the pie, the soil becomes denser clogethe



tip andit may loosenaway from it(Paikowsky 1990; de Nicola and Randolph 1997;
Horng et al. 2010; Hvorslev, 1949)

Plugging typically develops when the insertion depthli@ to 20 times the
diameter of the pein clayey soilsand 25to 35 times the diametef the pipe in sandy

soils (Paikowsky and Whitman 1990) h e rat i

specific recovery
increment in sample length corresponding to a unit increment of sampler penetration,
and can be used as an indicator for glag (Paikowsky et al. 1989}the soil ahead of
<Avhlue0<o < 1

the cutting shoe enters the sampidrenos  >but glugs wheno

indicates partial plugging @ble2.1). Therecovery ratids R = Liecoveredlsampler

Table2.1: Specific recovery radi

Influence factor Driving 0 [ %] Soll Reference
method
o 79 % Slow 30 Soft varved
10% jacking 45 clay
0% 10 Clayey sand
. 1.8% . 80% ayey sandy
Ci Shooting 185% (sample silt partially
4.8% o( b saturated
lost)
I 0,
10 Po Harglrgvinng 40%
(Ci=5%, ackin 20%
Co=12.2%,| ! Fastg
Ca=147%) : 75%
pushing
2._0 Br Fast 40% Hvorslev
(Ci=-1.6%, pushing (1949)
Co=0%, | Hammering 35%
Ca=6.6%) | Single blow 30% Soft varved
Sampler N
20 St Slow 45% clay
(Ci=1.2%, | jacking °
Co=0%, Fast 90% (constant
Ca=10%) pushng decrease)
4 136 Hammering 95%
. Slow 100% (almost
(Ci=2.9%, T
_ jacking always > 100%)
C0=4.6%, 0
Ca=4.4%) Fas_,t 110% (almost
pushing always > 100%)
. Paik et al.
- 0
Hammering 77.5% Sand (2003)

1C



2.2.2 Sampler Dimensions Effects

A larger ratio between theube diameteand its thicknessand a sharper edge
result infewer disturbancefClayton and Siddique 1999; Horng et al. 2010; Long 2002;

DeGroot 2003) The soil close to the wiadxperiences the most disturbance (Baligh et al

1987)

Figure 2.2 shows a typical sampler The di

mensionl ess

fi

n

controls the inside frictiort, he fout si q e outbide drictiapancielde Ciiar e a

r a t G, repyesents the volume tife displaced soifelative tothe sampledvolume.The

area ratio should be,& 13% (Hvorslev, 1949; Karim 1984)but often exceeds 30%

(Clayton et al. 1995). The@alue is limited bystructuralrequirementgbuckling).

D

—

B B D.S‘_DL
C; =
l 1:)L

4D—S>

C _Do_De

/ N o~ De
L _D3-D?
a Diz

Figure 2.2. Sampkrdiameters and definitions.

The taper angland thearea raticcombine to minimize disturbance. In particular,
a | ower t ap einlesadistgrbaace (Claytoe stall 1998; Horng et al. 1998;
La Rochelle et al. 1981; Horng et al. 2010; Budhu and Wu 1%92Frred ranges go

Inside clearance

Outside clearance

Area ratio

from an 158°rogd,=®5%bU= 4° for C,=80%(Clayton et al. 1995).

The sampler wall preventhe lateralrelaxation of the sampléAs the inside

11
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clearance decreasethe probability oftension developingabove the tipdecreass
(Clayton and Siddique 199%o0me samplers for normally consolidated or slightigr
consolidated claysavenoinside clearanceC = 0 (La Rochelle et al. 1981butit is not
recommended fooverconsolidated clay§Clayton et al. 1995)Inside cleeanceranges
from G = 0.7%6 and 1.5% for long samplg€layton and Siddique 1999; Hvorslev
1949)and smaller clearance ;G 0 to 0.5% $ acceptable foshort samplegHvorslev,
1949; see alstsSMEFE Repd of the Subcommittee on Problems and Practices in Soil
Sampling. The thinwall sampler proposed by ASTM (D6508) has an inside
clearanceC; = 1%.

A fast penetratiominders the development sfatic friction therefore continuous
fast pushing and eweexplosives can be used for fast insertion (Hvorslev 18#8;ton
and Siddique 1999). Converselfriction will increase significantlyif coring is
interrupted even for a few seconds (Lunne and Long 2@&gested penetration rates
vary widely:

1 ASTM (D651908 and D158%08) does not specify the rate of penetration but
suggest s: AAdvance the sampler without
downwa d moti on €0

1 Hvorslev, (1949)recommended a penetration speed of more than 15 mm/sec.

1 Schmertmann and Palacios (197@pmputed the speed for SBampler and
concluded that in common practice it varies from 980 mm/sec to 1400 mm/sec.

1 La Rochelle et al. (1981¥yuggested a rate of 0.138 mm/sec (0.5 m/hr) for up to
20 m for the Laval sampler.

1 Budhu and Wu (1992)concluded that the rate of penetration should exceed ~
0.4mm/®c
Samplingextractionfrom the sampler may be a major source of disturbance,

often due to the unnecessary tensile and ortatistresses applied onto the sediment to

detach it from the sampler. Lower perturbation is caused by sliding the specimen in the
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same direction as it went inside the sampler. Alternatively, the sampler can be used as
the test chamber itself. This apprbdtas been developed and extensively used at the
Particulate Media Research Lab. Limited results show &igmifly lower loss in

stiffness(Unpublished).

2.3 Pressure Coring

Core recoveryfrom sediments subjected toigh in-situ water pressure can
experence severe disturbance if gas dissolution or hydrate dissociation take place. In this
case specimens must be recovered ugiegsure coréechnology to prevent exsolution

or dissociation.

3) b) Cutting shoe Face bit type
type
Liner ID Drilling prpe
=
7 i "4 P Sediment ~
Drive ] il Il ,/ Coring [T~
mechanism

o Too!
/Plastic \
\

Autoclave

| _— section
| Valve—

LAY
/
77 7

Ball valve

liner T \ Catcher o
71 \‘1
Catcher > =~ Diamond bit —

™ Cone bit —

FPC HYACE Rotary Corer o
(Fugro Pressure Corer)

Figure 2.3. Pressure corers: (a) Fugro Pressure Corer and HEY@@ddified from
Peuchen, 2007; Kolk and Wegerif, 2005; iodp.ofig) Typical cross section of a drilling
bit for: cutting shoe and face bit type.

A typical drilling and coring systenfor deep marine sediments shown in

Figure2.3. k consists of a dve mechanism, the autoclave section, a plastic liner with a
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catcher and a valve to maintain the internal water pressure. The Fugro Pressure Corer
FPC uses a percussion system to drive the tool, while the HYACE Rotary Corer relies on
an Inverse Moineau Mot driven by mud circulation (Kolk and Wegerif 2005; Huey
2009).0nce the specimesiides intothe plastic liner ands trapped by the catcher, the

tool can be lifted fronthe recovery hook. e specimememainshoused in the autoclave
sectionand the ballvalve is closed to maintain internal water pressufegure 2.3b

shows a detailed clogg of the drilling bit and two types of cutting bits: cutting shoe

and face bit type. Typical dimensions are listed in TableTh2.corelengthcan reach

3.5 m fordeep sediments (Kubo et al., 20Mbegg et al, 2008

Table2.2 Typical drill bit dimensions for currently available coring techniques for
bottom hole sampling (from Kubo et al., 2014; Peuchen, 2007; Kolk and Wegerif, 2005;
Kawasaki et al., 2006; iodwg; Huey, 2009; Zhu et al. 2013; Fugro.com)

Coring system Drill Pipe Core Bit ID Liner ID Max Pressure
Diameter [mm] [mm] [mm] [MPa]

IODP 41.9 * 69
Fugro FPC 50.4 58.0 35
Fugro HYACE 12710 139.7 50.4 52.3 35
Aumann 51.4 53.6 35
JOGMEC PTCS 168.3 66.6 66.6 24
CDEX hybrid PCS 127 to 139.7 50.4 (**) 35

(*) No plastic liner utilized
(**) Not reported
Note Hybrid PCS is also named PCTB

Pressure cores haueenrecovered from hydrate bearing sedimentChina,
India, Japan, Korea, Taiwan attSA (Koh et al. 2012; Schultheiss et 2009). The
recovery success ratio rarely exceeds6% (Yamamoto et al. 2012).

Even the best quality pressure cores share all other sampling difficulties listed for
shallow cores in the previous sectionsray imaes taken of all the cores in the Japan
expedition readily show sampling effects such as: edge shear, friction, sample expansion,

core rotation, gaps or extensional separation (Figure 2.4).
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Figure 2.4. Typical X-ray image from thepressure cores recered at théNankai
liner and 51.4mm cutting shoe (JOGMEC corer).



2.4 Coring Disturbances

Two extreme conditions are analyzed next. First, a cemented core is allowed to

expand freely within the sampler and may experience yield. Second, -aemented

sediment mobilizes friction as it slides into the sampler and may plug.

2.4.1 Cemented Soils: Radial Expansion

Rotary coring is used to advance the sampler in cemented®wlsutting shoe
diameter igypically smaller than the samplsizewith inside clearance;G 0. As soon
asthe core enters into thesampler,the effective lateral stress released and the core

expards (Figure 2.5. The optimal gafelearance between @hcutting shoe and the

sampler lineiC; has to be large enougb allow the core t@nter the sampler easillgut

small enough sthat minimalcorerelaxationtakes place.

a',
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Figure 25. Soil expansion due toonfinement release.

Plan view

L e tagssmehatthe cae expands in the radial direction or(gxpansion irthez

directionis not relevant for this analysis)he change in core stressexflects the elasto

plastic material response. The general case is solved next. Equilibrium in the radial
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direction for arelement in cylindrical coordinates'r, z is (refer to Figure 2-6):
” Q 1 QiQ—, 1 Q— Q—Qi (2.2)
Ignoring second order terms andarganging:

™ p

= 2.2
= OA A Tt (2.2)

% &

Sampler

Osam pler

Figure 2.6. Generalgeometry for the analysis tife samplessoil interaction.(a) General
solution. (b) Soil expansicagainsthe sampler.

The radial and tangential strains are

- Til 2.3)

(0]
— (2.4)
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From Hookebds | aw:

O O
A —- - — LA (2.5)
P p I |
@] O ) 0
f = . 2 10 0 (2.6)
p p i
Substituting in (2.2):
ro pro o 2.7)
Tl LT
The solution dthis equation is:
O ! 0= (2.8)
Substituting in (2.5) and (2.6):
0 0
0 : O —— 2.9
Aoo—bp ' 65 (2.9)
0 :
A o op ’ 0 pl (2.10)

Then the constants are solved at these boundari€g:;) = -NPint and " 1 (Fex) = -NPext

wherenPy; [Pa] is the internal pressure change, aid; [m] is the external pressure

change; to obtain:

5 = ‘ ‘ (2.11)

6 — ‘ ‘ (2.12)

5 —— 30 (2.13)

6 T (2.14)
Then, the displacement at the edy the cylinder is:

’ . s 30 O
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In this casenPey is the change in external pressure exerted by the cylinder. For the case

of the specimen analyzed hen® = Qa1 P, Where Q4 is the original lateral effective

stress and p is the final confinement the sample experiences in the sampler tube.

Therefore:

,& no

2.16
<o (2.16)

08
whereGs,j [Pa] is the soikhear sffnessandr, [m] the core radis. Whenthe sampler
confinement is p = €hecore relaxes and thradial strairreachests maximum value

The sampler will take the relaxation load as soon as thesgégeshe sampler

wall. The relationship betweenehadial displacement artlde internal pressura a thin

walled tube is given by Figure 216 If there is a radial gap, fm]:

c . i \ 2.17)
0 (
© O 0 L
where Esampier [Pa] is the Young modulus ahe material of the sampler,[im] is the
sampler wall thickness amglis the sampler radius.
If the core remains elastic, Equations 2.1 and 2.digre

0§ 0 j (2.18)

e 0N, - i ‘ (2.19)

The confining pressure the sampler exerts on the core when it is fully engaged is:

2@ 1y 22 s
r‘1 cO <O (2.20)
i i I p
O o ¢O 0O o ¢O
2.4.2 Noncemented Soils: Plugging
Un-cementedsedimets will yield andid f | owo i n s i, fillehe gabm

anddevelop friction against the sampler wall. Therelength of the recovered covéll

19
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be a function otoresampler frictional resistance atite bearing capacitgt the front of
the corer When these twdorcesare equal, the sodhead othe sampler willdisplace
away from the coring tool and will not slide into the sampler

The vertical equilibrium of a slice of core height dz is (Figure 2.7; see also

Randolph et al. 1991):
T ”&, A 1 D) ”n 1 3,
e ,e —Q ‘I “17Q "Qc¢“1 Q (2.21)

wherefs =~ § > k, > is the friction coefficient between the soil and the samgmher k =

" & K Qs the stress ratio for the sedin@mside the sampleirhen:

T,e ¢ Q

ULy
f, l ly l dz
ik

1) )
o', +do’,

Figure 2.7. Non-cemented soils: Forces involved in plugging.

The closed form solution faquation2.22is (Coddington 1961)
,2 0 070Q (2.23)
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Then:

, e qr—l”Q Q (2.24)
where’ § is the vertical effective stresseffectivesoil unit weightrs sampler radius.
On the other hand, the bearing capacity for a deep foundation is:

n »ael (2.25)
where” @ is the vertical effective stress applied at the tip of the sampleNgi@aring
capacity factor which can be approximates the friction angle by:

0 p8t Q8 (2.26)
Plugging starts when:

~8 N (2.27)

o — o Of G (2.28)

where D is the sampling depth (see Figure 2.7). Therefore the maximum length of core

that can be recovered before pluggisig

., 1. .¢'Q00 (2.29)
¢ i p

Lateral stress ratio k ranges from resj) o active pressure {k The interface
interactioni = ¢ k, is plotted in Figure 2.8. This coefficient varies in a short range for

typical soil friction angles. A value of = 0.11 to 0.17 can be adopted.
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Figure 28. Interface interaction coefficient

2.5 Guidelines for Coring and Sampling Tool Design

The previous analyses are the foundations for the development of mechanically

robustguidelines for the design of coring (gap) and sampler length.

2.5.1 Optimal Gap

The inside clearance coefficient can be defined;as §/rs, where g is the gap
between the cutting shoe and the sampler radiisgure 2.7). The inside clearance can
be computed from Equation (2.19) for the case of full engagementdr The goal is to

allow a stress relaxation that does not fall below the yield styess

Q = B [ I
5 =2 _ R ' i (2.30)
I ¢O @) 0

where p =y sil IS thesoil yield stress.
Values of ¢ are plotted in the Figure 2.9 as function of thaistat relaxation
(" Qar y,s0i)/(2 Gsoir) and the sampler stretching (K,soi)/(Esampiert). Published guidelines

are superimposed on the figure. Results confirm that a gap should be allowed for soft

22



sampl es i THe optimalgaplis smatiompared to real sampler dimensions

and tolerances. This means that cemented cores will expand and yield long before they
react against the sampler wall. For examp
Nankai Trough, Japan, and typical hydrate beasedjment properties. Results plotted

in Figure 2.10 show loss in confinement and relaxation beyond acceptable values. In

fact, X-ray images in Figure 2.4 show the sediment completely detached when hydrate
cements the sediments; conversely, the sedimiéntie gap in hydratéee layers. The

insert in Figure 2.10 shows the plastic linelp cur ve t hat plots out s
core deformation range.

Sampler's range in
geotechnical practice

(G’I‘.at - ay,soil) . .
Tsoil = Strain relaxation Recommended
101 in the literature
10
ASTM = >
[o2]
T 102 (D6519-08) g -
o 03
2 (%]
E 104 Reference
©
% SoftClay
@
o ; < b
% 104 - Stiff Clay > 5
= Loose sand z =
@ 2
105 Dense sand E %
Cemented sand o
3
106 T T + . T

10% 103 104 102 102 10

Sampler StrEtChingj (rs Gy,soi\)/(Esamplert) ["]

Figure 2.9. Optimal gap: Design chart for a linear elastic soil.
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0 [deg] 30

I, [mm] 25.2

I [mm] 26.8

t [mm] 3
Sampler

Oy plastic [MPa] 30

Etastic [GPa] 4

Figure 2.10. Example of a plag liner sampler computation for a frictional soil for the
case of hydrate bearing sediments in Nankai Trough. Ingegéscale to accommodate
soil and sampler behavior.

2.5.2 Maximum Recoverable Length (urcemented sediments)

The maximum expectedore length before pluggingcan becomputedfrom

Equation 2.29. edesign chart in igure2.11 shows this equation anian-dimensioml

function of the dimensionless depth Dand sampled length z/for engineering

practices. Other parametersk and Nq are function of the friction angle. Results show

that the recoverable length increases with depth and friction angle, but for engineering

practical purposes z/¥

~30

f

o

r

deep

sedi ment s.

Is n

gene

= 1015 shouldbe expected (similar values obtained from data from Paikowsky and

Whitman 1990).
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Figure 2.11 Maximum expected recoverable céeagth Design chart for frictional
soil.

Considerthe case of hydrate bearing sedimerdsr, = 25mm sampler and
operatingat depthsof 300 mbsf can recover anaximum lengthLyax = 60 cmof un-
cemented sediments. On the other hand, long hydrate bearing sediments cores can be

recovered when no ucemented layers plug the sampler.

2.6 Experimental Study

A near surface samplingest was conducted on Lake Acworth, GA (coarse
grained soil)and in a fill at Georgia Tech (fine grained sdi)validatethe expected

recoverable lengtm un-cemented soil using a small radius sampler.

Setup and Proceduretwo driving conditions werdested. The first one consists of
driving two different samplers into sand with a hammer (dynamic penetration). The
second test uses a continuous push. This system implies a reactionvitdmenree
ground anchorsan Enerpachydraulic cylinder, and a load cell to recorgenetration

forces (Figure 2.12). The water table is 5 cm below the surface.
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a) © capacity =2 kN © N )
Enerpac \/
cylidner -<
Load cell i Frequency: ~ 0.5 blow/sec
| Sampler Water table
Sampled length
\ Ground anchors/
d) Sampler 1 Sampler 2

25.4 mm | 25.4 mm

19mm
19mm

l—>|

17.7mm
29.4mm

Figure 2.12. Core recovery with small sampleiField study:(a) Continuous push
schematics. (bpynamic driving (c) Pictureat thesite. (d) Samplers dimeions

Two samplers wertested using both penetration methods. Sampler 1 is a 25 mm
open ended pipe hence its inside clearance 0. Sampler 2 is a specially designed
sampler for the recovery of disturbed samples from hydrate bearing sedimenssait ha
cutting s hvasglearidt redutlionof the thternal diameter so that the inside

clearance ratio isiG 3.7%. No catcher was used with either sampler.

Results Figure 2.B-a shows sampled lengtlobtained with the two driving methods,
both samplers, and soil typeEach test was repeated 5 tim&be box represents the

median, 25th and 75th percentile of tessults, while the segments run from the
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maximum andhe minimum recorded valige

Results confirm the benefits of dynamic drivingeopushing to gather longer
samples, as discussed in the review (Section 2.2.1). Sampler 2, with the sharp cutting
shoe and internal clearance delays frictional build up and leads to longer samples in both
static and dynamic modes. The internal clearaac#ithted the extrusion of the sample
after testing in the case of fine grained soil.

The expected plug length is also shown here for cases of friction angles of
20° and. = 35 (from Figure 2.11 and Eqg. 2.29); they agree well, particularly with data

gathered with sampler 1 (i.e. a pipe without a cutting shoe).

a) b) :
Penetration force [kN]
0.0 1.0 20
0 L
— Sampler1
50 T
i — Sampler2
1
s = 5 |
40 1 i
— 1
E == ! }Sampled
= ! length J
£ 30 - ! J g0
2 ! S,
: ?l : £ﬂ.
k-]
2 ] | )
$ 20 ! i?l c 15
E i S
1 =
W 1 ©
i B s
Predicted .- - ] °
10 plug length {: __l%l _____ = S
(from Fig. 2.8) 1 & 20 |
1
0 :
Soil Coarse Fine Coarse Fine Coarse Fine Coarse Fine 25
Sampler 1 2 1 2
.. 30
Driving Hammering Pushing

method

Figure 2.13. Core recovery with small sampleResults (a) Sampled length (distance
measured before removing the sampler from the ground). (b) Penetration force vs. depth.
There is no clar evidence o$ignificantdifferences between the two samplers.

The penetration force was recorded to the maximum load cell capacity (2 kN;
Figure 2.13b). The penetration forces increase quiagiarly with depth, as expected for

frictional materials, and there is no evident difference between the penetration
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resistances exhibited on both samplers with different cutting shoes.

2.7 Conclusions

Sampling and coring disturb sediments and alter sediment properties. Lateral
stress relaxation and plugging westudied to develop robust guidelines for the design of
coring equipment to be used to sample hydrate bearing sediments. Results show:

1 The internal gap determines the balance between lateral relaxation and wall
friction.

1 Typical samplers used in geoteatal practice have a large gap and are not
adequate to recover long cores from hydrate bearing sediments.

1 Plugging should be expected with all samplers. Experimental results show
plugging in all type of soils. A recoverable length ofs zZr10-15 should be
expected.

1 Dynamic driving is preferred to recover long samples, particularly when the
insertion velocity exceeds 1 cm/sec.

1 Sampled lengths reported in the literature, agree well with values predicted using
the plugging limit.

1 Soil-sampler interaction pameters affect the predicted plugging length. Values

of b = 0.2121 up to 0.17 can be adopted.
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CHAPTBEBR

PRESSURE CORE CHARACTERI ZATI ON
HYDRABEARI NG SEDI MENTS

This chapterwas published inabbreviated form irSantamarina et al. (2012)
which was ceauthored with Dr. S. Dai andr. J.B. Jang at Georgia Tech. The pressure
core characteraion tools were successfully deployed in January of 2013 for the study
of methane hydrate bearing sediments in the Nankai Traegibn offshoreJapan. The
author wassolelyresponsibldor the design, manipulation, operation and analysthef
direct siear chamber antthe guillotine; in addition, he played a direct role in the design

and verification of all other components.

3.1 Introduction

Natural gas hydrates form under high fluid pressure and low temperature, where
biogenic or thermogenic gases arailable. These requirements delimit the distribution
of hydrate bearing sediments to guérmafrost, deep lakes (theoretical water depth
greater than ~390 m) or ocean sediments (theoretical water depth greater than ~320m).
Typically, hydrates are founith deeper water columns due to thermal fluctuations, and
diffusion near the sediment surface (Xu and Ruppel 1999).

The clathrate or cagée structure formed by water molecules hinders the
repulsion between gas molecules and allows for high gas cormamtrhere is one
molecule of methanfor every 5.75 molecules of water in CH4drate, compared to the
solubility of methane in water which is in the order ein1750. With such a high
methane concentration, natural gas hydrates can become an eneuwgyeresid remains
a potential source for a potent gresruse gas.

Depressurization and/or heating across the phase boundary causes hydrate

dissociation. The hydrate volume expands multiple times just to cross the phase
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boundary; for example there is a3times expansion under Blake Ridge pressure
temperature H conditions, and 4imes expansion in the shallower Hydrate Ridge
formation. Rapid volume expansion brings the sediment to failure in low permeability
formations, triggering wellbore and even largrale seafloor instabilities.

Dissociation, volume expansion and the ensuing sediment destructuration
dramatically affect the ability to characterize hydiagaring sediments. Indeed, proper
characterization requires coring, recovery, manipulationt@stthg under A conditions
within the stability field. Pressure core technology has been advanced to address this

need.

3.2 Pressure Core Technology: Overview

Coring and RecoveryThe development of pressure coring and recovery tools
have involved resech teams around the world, including initiatives such as the
I nternati onal Ocean Drilling Program and
Technology Program (Kvenvolden et al.,, 1983; Pettigrew 1992; Amann et al., 1997,
Dickens et al 2003; Qin et aRP05; Schultheiss et al., 2009). Pymston (clay bearing
sediments) and rotary coring (sands with high hydrate saturation) methods have been
developed to gather several meter long pressure cores. The core slides inside a plastic
liner during coring todcilitate its manipulation after recovery. The in situ fluid pressure
is maintained by a ball valve that closes the barrel beyond theatoteer; the ball valve
seal is critical to reliable pressure core recovery. While temperature control is also
possille (PTCS- Kawasaki et al., 2006), analytical and field results show that the
additional complexity of temperature control is unnecessary as long as the barrel is
rapidly cooled once it reaches the surface.

Manipulation Earlier studies using pressurae® required fast depressurization
and stabilization in liquid nitrogen before transferring the core into testing chambers.

Such drastic changes in pressure and temperature can be prevented if all operations after
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recovery are conducted underTPconditiors within the stability field to prevent
dissociation. Pressure core manipulation and transfer technology requires a longitudinal
positioner/manipulator and ball valves to couple components at equalized pressures
(Pressure Core Analysis and Transfer Syde&@ATS- Schultheiss et al., 2006).

Testing and Characterizatioesting and characterization tools were developed
in parallel to manipulation capabilities. N@ontact characterization tools are based on
gamma density, Xays and watecoupled Pwaves Pressure MultSensor Core Logger
- Schultheiss et al., 2006; see also Abegg et al., 2008). Contact/invasive tools allow for
the assessment of stiffness usingril S wave velocities, strength, electrical resistivity
profiles and internal core temperattBTC - Yun et al., 2006); contact measurements
require predrilling the plastic liner under pressure at the locations where measurements
will be conducted. Subsampling capabilities have also been developed for biological
studies under in situ-P conditions (DeeplsoBugParkes et al., 2009).

Current Situation Other characterization needs have gradually surfaced driven
by the enhanced understanding of hydrate bearing sediments, the renewed interest in gas
production and related engineering tasks, dnedibcreased reliability of pressure core
recovery. Pressure core characterization tools developed at the Georgia Institute of

Technology are described next.

3.3 Pressure Core Characterization Tools

Our pressure core characterization system includesdooéhmanipulation tools
and characterization chambers. Tools have been selected to obtain complementary
information relevant to science and engineering needs, with emphasis on the
measurement of parameters used in desmoemechanical analyses.

All tools are designed following key guidelines and objectives: simple and robust
systems, portable components for fast deployment, modular design for maximum

flexibility, standard dimensions and parts for economic construction and maintenance,
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rustresistancedr seawater environment (all devices are made of stainless steel 316), can
hold 35 MPa fluid pressure and operate at 21 MPa, capable to impose effective stress
when physical parameters are effective stress dependent, and safe for the monitoring of
hydratedissociation and gas production during controlled depressurization, heating or
fluid exchange (such as with liquid CO2). The modular design implies geometrically
compatible chambers and components developed with the same design philosophy; in
particular, ay two tools/chambers can be readily coupled through an identical flange

clamp system.

3.3.1 Manipulator (MAN).

The manipulator is a longitudinal positioning system that is used to grab and
move the core along the interconnected chambers and valvesdeinalways under
the required P conditions. Figure3.1 shows the typical operation sequence used to
retrieve a specimen from the storage chamber into the manipulator followed by
displacing core into a generic test chamber. The geometric analysis opehation
shown in Figure 1 reveals that the | ength
storage chamber o) i s proportional to the
Lman® 3.5Qcore. If an external positioning system is used, the rod mdgrtake the
force due to the fluid pressure and the force required to displace the core; such a design
is typically limited by buckling even when an open ended hollow tube is selected. Our
system is designed to handle Lcore = 1.2 m long cores, usetearal telescopic screw
system (stroke = 2.6m) driven by an external stepper motor, and can position the
specimen with sulmilimetric resolution. It is coupled to the 18 long temporary
storage chamber by means of a dismountable flalagep connectionA seethrough

port is included to confirm the position of the manipulator at any time.
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Figure 3.1. Pressure core manipulation. (a) The manipulator MAN couples with the
storage chamber and fluid pressures are equalized at the target pressure pO before
opening the ball valve. (b) The manipulator captures the core and transfers it into the
temporary storage chamber. (c) Ball valves are closed and the depressurized storage
chamber is separated. (d) The selected characterization tool is coupled to thdatwinipu

and is pressurized to p0. (e) Ball valves are opened and the core is pushed into the
characterization tool; staralone characterization tools may be detached after retrieving
the rest of the core and closing valves. Note: the cutter tool CUT ismshgranes d&e;

it is attached in series to cut core to any desired length to meet tool requirements (for
standalone ESC, DSC, CDP, and Bio tools).
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Figure 3.2. Schematic diagrams of characterization chambers. (a) IPTC instrumented
pressure testing chambwith RT contr ol . (b) ESC ef-PEctive
control. (c) DSC di r-8RT consrdl. d) ICDPcdorarotiede r Wi
depressurization chamber for sediment preservation and gas production. (e) BIO sampler
for multiple bioreacts chambers. Scale: the outside diameter of the large ball valve
shown in all devices is OD = 220 mm.
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3.3.2 Subsampling (CUT)

The 1.2m long core can be cut into short specimens. Our cutting tool CUT houses either
a linear or a ringghaped savblade withn a clamptype chamber. The salbased cutting
ensures clean surfaces and minimizes specimen disturbance. The cutting tool CUT is
mounted in series between the manipulator and any atkerot storage chamber as

needed (Figure 3.1e).

3.3.3 Instrumented Pressure Testing Chamber (IPTC).

The chamber was developed to measure P&S wave velocities, undrained

strength, electrical conductivity, internal core temperature, and to sample fluids (Figure
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3.2a- details in Yun et al 2006). This cylindricalshaped chaber has two sets of four
diametrically opposite port pairs. The first pair drills holes (ID = 8mm) in the plastic
liner so that contact probes in successive ports can be pushed into the specimen. In
characterization mode, the IPTC is coupled to the maatipulon one side and an
extension chamber on the other end, and measurements can be conducted at any position
along the core length. The eight access ports make the IPTC a versatile chamber for

conducting welmonitored production studies in view of resa@ncalibration models.

3.3.4 Effective Stress Chamber (ESC).

Pressure cores are recovered and stored at fluid pressure and tempefature P
conditions needed to preserve hydrate. However, physical properties such as stiffness
and shear strength are a ¢tion of both hydrate saturation and effective stress (Note:
the relative relevance of effective stress increases as hydrate saturation decreases).

The effective stress chamber ESC maintai1s ®ability conditions and restores
t he ef f e qthatthessedsnent sustains il situ (FigBi2b). It was designed and
laboratorytested at Georgia Tech in 2006 under Joint Oceanographic Institutions JOI
sponsorship, and it was first deployed in the field by the Korean Institute of Geoscience
& Mineral Resource KIGAM in collaboration with Geotek during the UBGH1
expedition (Lee et al., 2009).

The original design was based on a Zeteral strain boundary condition. We
have updated this chamber to accommodate a stoesolled boundary condition using
a jacket (Figure8.2b). The resulting triaxial stress configuration consistssf app!l i ed
with the jacketand,6 appl i ed by a piston that i's ad\
acts directly onto the pressure core. The piston and the base pedestahbaesgsors
needed for the measurements of physical properties, including stiffness (wave
velocities), thermal conductivity, and electrical resistivity.

A salient advantage of the flexible wall configuration is the ability to conduct
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precise fluid condetivity measurements by preventing the preferential flow along the
sedimentsteel boundaries in rigidall chambers. This chamber is particularly well
suited to monitor production studies under in situ effective stress conditions, including

the assessment sediment volume change upon dissociation.

3.3.5 Direct Shear Chamber (DSC).

Note: The DSC is reported in detail in Chapter 4; the brief summary presented
herein complements the description of the complete set of pressure core characterization
tools RCCTs.

The shear strength of hydrdtearing sediments under in situ pressure,
temperature and effective stress conditions is a necessary parameter for constitutive
models.

Two constraints guided the design of the DSC tool. First, the imperfect
boundarés that result when cutting heterogeneous cores under pressure cause stress
concentration during vertical | oading; thu
to cut across the specimen away from end effects. Second, overcutting during coring
leavesa gap and the core tends to tilt during shear; then, we adopted a double shear
plane configuration to avoid bending action. Consequently, the direct shear chamber
consists of a thick wall stainless steel ring that is pushed to shear the central thed of t
specimen (Figurg.2c). The DSC includes the piston to restore effective stress (self
reacting vertical frame similar to the ESC), a liner trap to capture the plastic liner
before the specimen enters the shear chamber, and a small latesial toanfte to push
the side piston that displaces the ring (FiggiBz). The maximum shear displacement is
dmax = 15mm so that both peak and residual shear strengths can be determined.

The test sequence includes: (1) shear under in situ vertical effective atice®
T conditions, (2) push the ring back to its original position, (3) monitor hydrate

dissociation and gas production at constant vertical effective stress addtesabstrain
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boundary conditions, and (4) shear the specimen again to determihgdifatefree
residual shear strength. The complete data set provides strength and volume change data
under in situ conditions that are necessary for model calibration, production design and

stability analyses

3.3.6 Subsampling Tool for Bio-Studies (BIO).

The study of bioactivity in deewater sediments without incurring in -de
pressurization cycles is crucial to the survival of some barophilic microorganisms. The
BIO chamber is loaded with a core segment using the manipulator; afterwards, it is
detachedrbm the manipulator for all successive procedures (Fig2d). Its operation
involves (1) Nitrogeriquid replacement, (2) core face cleaning and chamberflastd
sterilization, (3) sulsampling using a rotary sampling head, and (4) sample release int
the bioreactor that is préilled with nurturing solutions (volume = 10 cc). All operations
can be observed through a sapphire window-rBaxtors are readily replaced by closing
a system of two ball valves and decoupling the quick connect fittingtiwelen. This
device allows the collection of a large number of specimens from a single core segment

under in situ hydrostatic pressure.

3.3.7 Controlled Depressurization Chamber (CDC).

Successful pressure coring operations may produce more pressurthaordse
available storage. In this case, recovered cores are selectiveigsirirized to conduct
further studies under atmospheric pressure. The controlled depressurization chamber is
designed to help preserve the core lithology and to gain valudblenation during
depressurization, with minimal demand on personnel resources. Thisagtaeddevice
has a builin drilling station to perforate the liner at selected locations in order to reduce
the specimen longitudinal expansion. A pressure transduncka thermocouple monitor

the gas P&T conditions inside the chamber. In addition, threelskiitig thermocouples
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are builtin along the CDC; these are driven into the core to monitor the internal
sediment temperature during depressurization. FinalB/L water trap and a 5k gas
trap are attached in series to the needle valve that controls the rate of depressurization;

these traps sit on scales to monitor produced water and gas (FRpire

3.4 Measurement of Physical Properties

Multiple sensng systems have been developed to characterize the sediment and
to determine hydro, thermo, chemo, bio, and mechanical parameters within the
chambers, under controlled pressure, temperature, and effective stress conditions as
described above. Not all semscor gadgets are available for all chambers, yet, their
deployment in various devices support the comprehensive characterization of natural
hydratebearing sediments under in situ pressure, temperature, and/or stress conditions,

and permit detailed monitimg of gas production tests.

3.4.1 Tool Position Control.

All contact instruments, sensors and drills are mounted on polished rods
(diameter d=7.9mm) which are advanced into the specimen using externally controlled
screwbased positioning systems to ocs@me the 1.7 kN force at the maximum working
fluid pressure of 35 MPa (Figurg3). The hanebperated driver advances along the
threaded guide while pushing the tool rod. The ball valve between the threaded guide

and the chamber permits replacing tooldenmpressure (Figui3).
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Figure 3.3.Tool Control. The displacement of sensors, subsampling tools and drills are
controlled under pressure using a scteged positioning system where the driver
advances along the threaded guide while pushing dbé rbd (shown in green).
Transducers at the tip of the rod are wired through the central hole in the tool rod.

3.4.2 Sensors.

Transducers are mounted at the tip of tool rods and wired through the central
bore. Available instruments are shown in Fig8e. Smallstrain wave velocity
measurements employ bender elements faa$es and pinducers forwaves (Figures
3.4a&b 1 peripheral electronics and test procedures as described in Lee and Santamarina,

2005 a&b).

AN

3.18mm

Figure 3.4.Measurement tools and sernso(a) Bender elements f&wave generation
and detection. (b) Piezocrystals waves. (c) Penetrometer for strength measurement.
(d) Pore fluid sampler. (e) Electrical needle probe for resistivity profiling. (f)
Thermocouple instrumented tip. (g) &tr gauge for thermal conductivity determination
(TPST NETL; Rosenbaum et al. (20Q7)

While largestrain strength data can be gathered using the direct shear chambeér (DSC

Figure3.2c), we have developed a strenginetration probe as welliffare 3.4c). This
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device determines the sediment strength using a-sloayeed stud equipped with a full
bridge strain gauge inside. The measured tip resistance during probe penetration reflects
the sediment undrained shear strength (details in Yun 208a6).

Fluid conductivity can be determined using the flexible wall system built within
the effective stress chamber ESC (Fig812b), and inferred using the fluid sampling
tool (Figure3.4d). This is a seffirilling drainage port with a pressure olwme control
flow condition to drive the interstitial fluids out of hydrdtearing sediment. The
pressure difference can be selected to preserve hydrates within stability conditions.

Electrical resistivity is measured using an electrical needle prabéstgradually
inserted into the specimen to determine a radial resistivity profile with millirsetde
spatial resolution (Figurd.4ei details and measurement procedure in Cho et al., 2004).
We have also developed a multiple electrode system atatbee df the effective stress
cell that allows us to conduct a surfdzssed electrical resistivity tomography within a
specimen.

The thermal probe consists of a thermocouple deployed at the tip of a tool rod.
When pushed into the sediment, the thermal @nolonitors the temperature inside the
core (Figure3.4f). The selfdrilling version of this probe, deployed in the controlled
depressurization chamber CDC, places the thermocouple inside a hollow drill tip at the
end of a tool rod. Internal temperature sw@&ments can be used to monitor phase
transitions during controlled gas production studies and to determine thermal
conductivity (by inversion for given imposed boundary conditions). In addition, the TPS
sensor for thermal conductivity measurements d@esloat NETL (Figure3.4g,
Rosenbaum et al 2007) can be installed at the tip of tools or on the pedestal of the

effective stress and direct shear chambers.

3.5 Monitoring Dissociationi Gas Production

All PCCTs chambers allow cowsxale gas production dts by either de
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pressurization, heating, or chemical injection (e.g., inhibitors or carbon dioxide).
Monitoring data include pressure, temperature, produced gas and water, stiffness
(seismic wave velocities), fluid conductivity, and electrical resistikigure3.5 shows
examples of data gathered during the depressurization of natural Hyeaaieg

sediments.
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Figure 3.5 Monitored gas production tests using IPTC: (a) Evolutions of pressure,
temperature, electrical resistivity, and produced gas li{Ha§&odavari Basin{Yun et

al., 2010)); (b) Typical wave signatures during gas productiorweaRe signatures
eventually fade out after gas productionw&ves detect the evolution of the skeleton
shear stiffness during hydrate dissociation and gas piiodu®Jlleung BasinyYun et al.
20117).

3.6 Discussion: Comprehensive Characterization Approach

Pressure coring, recovery, and testing prevent hydrate dissociation and its

catastrophic consequences on sediment structure. However, inherent sampling effects
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caused by unavoidable changes in effective stress remain. These changes are quite
prominent and include: stress relaxation from lithostatic confinement to virtually no
effective stress, the potential for internal fluid pressure drop and local dissoeation

when chamber H conditions are within the stability field (i.e., a form of palastic
MandelCryer effect coupled with phase transition), side friction along the liner, skeleton
expansion and the potential for stameuced decementation.

Clearly, in-situ testing can play an important role in the characterization of
hydrate bearing sediments. However, in situ tests face their own technical challenges and
interpretation difficulties, including the effect of tool insertion on measured properties.

Based on these observations and field experiences (Gulf of Mexico, krishna
Godavari Basin, Ulleung Basin, and Mount Elbert), the comprehensive characterization
of hydratebearing sediments should include: (1) detailed analysis of available logging
data, R) pressure core characterization and monitoregbressurization, (3) index
properties (with emphasis on grain size distribution and fines content, specific surface,
SEM microphotographs, mineralogy and plasticity, pH and pore fluid ionic
concentration)and (4) laboratory tests on reconstituted specimens with synthetic hydrate
saturation to determine the behavior of sediments as a function of effective stress and
hydrate saturation (including: stiffness, strength, and hydraulic conductivity).

Index progrties -analyzed within the framework of accumulated field and
laboratory data provide exceptional information related to hydrate pore habit and
morphology, potential sediment properties and produgetated information including
the possibility of fine migration (Refer to Waite et al., 2009 for a comprehensive review
of hydratefree sediment properties).

The reconstitution of hydrate bearing sediments is hindered by inherent
difficulties in forming methane hydrate from dissolved phase methane. Jatoélran
THF presents important advantages as a proxy hydrate former (Lee et al., 2007). First, its

complete miscibility in water enables accurate hydrate saturation control and fast hydrate
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formation from dissolved phase (i.e., no preferential formattonterparticle contacts).
Second, THF hydrate forms at atmospheric pressure and standard geotechnical devices

can be used to characterize hydrate bearing sediments.

3.7 Conclusions

1 Pressure core technology is needed for the proper evaluation of natirateh
bearing sediments.

1 The set of pressure core characterization tools PCCTs described in this review
allow the manipulation, subampling, and extensive assessment of natural gas
hydrate bearing sediments under in situ pressure, temperature, ard/esffec
stress conditions.

1 In addition to pressure core testing, comprehensive characterization programs
should include sediment index properties analyzed within the framework of
available data for natural hydrate bearing sediments, and tests with remolded
gpecimens with synthetic hydrate.

1 Pressure core technology can also be deployed to study other gas rich
hydrocarbon formations such as deep sea sediments, coal bed methane and gas

shales.
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CHAPTER

PHYSI CAL PROPERTI ES OF METHANE
BEARI NG SEDI MEANISAI TROUGH
DEPLOYMENT

4.1 Introduction

There is increased interest in the potential recovery of methane from hydrate
bearing sediments. Extraction methods could invalepressurization, heag, inhibitor
injection (including CQ replacementpr combined methods (Moridis et al. 2009he
reservoir characteristics arptopertiesare needed for the proper design of extraction
methods Geophysical and wirogging methods provide valuable informatiaveragng
values over large distances and propsrére often inferred through correlations.

Methane hydrateare stableunder hgh pressureand relatively low temperature
thus they are found in marine sediments and permafrost regonisig sampling and
samplecharacterization are challenged by diions required for stabilityPressure core
technologyhas been developed to overcome these limitations: the main goal is to
maintain the specimen within the stability field &i-situ pressuresand temperature
conditions at all times.

This chapterdescibes a newDirect Shear Chamber DSC designed to measure
the physical propertieof hydrate bearing specimens recovered using pressure core
technology. The device is used to measure the shear strergtheatlisplaementsp-
wave compressibility beforeand after dissociatignand volume contraction upon
dissociationIn addition, this device can be used to gain information during dissociation

Specimens recovered from the Nankai Trough, Japan, were tested using this device.
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4.2 Direct Shear Chamber: Cesign

4.2.1 Design

The direct shear chamb&SC is designed tomeasurethe shear strengtiof
hydratebearing sediments under-situ vertical stres§” x = 12 MPa for u = 0 MPa
and’ Qx =5 MPa for u = 30 MPaand water pressur@imax = 35 MPa) The device
coupkswith the transfer systerthrough a sealed connector to take a specimen within
the plastic liner

The DSCconsists offour partsfrom topto bottom(figure 4.1-a). the vertical
plunger usedo restorethe in-situ vertical stress, thieansfer couplerthe liner trap and
theshear boxThe vertical plunger is 25 mm diametehollow shaft(Figure4.1-b). The
instrumented loadingap houses th piezacrystals for the Rvave measurements and a
thermocouplgFigure 4.1-c). Force is applied orhe vertical plungeusing a hydraulic
piston andan external frame (not shown in the figur&rce and displacemerdre
measured using a load cell and ¥0T. The transfer couplenvolvesa ball valveto
isolate the chamber as needed duromgration. The vertical plungerextruces the
specimen from the plastic linerto the direct shear box, and the liner remains behind in

aspecially designed funnéiap.
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Figure 4.1.Direct Shear Chamb&SC. (a) Cross section. (Ricture of the vertical
plunger and the capc)(Transducers, internal ring and specimen.

A two-planeshear boxdesign is selected to avoid boundary effects due to uneven
surfaces left bythe current subsamplingtools, and to prevent bending action in ene
plane shear system3he internal thick ring is displaced horizontally to shear the
specimen into two planes. Thwrizontal plunger pushes the internal ring (maximum
shear displacemenf 15mm) whilethe sheaforce andring displacemenaremeasured.
The horizontal reaction frame is anchored on the stainlessshtssai box.

Water pressure, temperaturgertical and horizontalforces vertical and
horizontaldisplacementsand Rwavesare recorded at all time&igure4.2 summarizes

the instrumentatioavailable in the DSC
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Figure 4.2.Instrumentation in the DSC. The same power sugplysed for the YDTs,
loadcells and pressure transduceingedthe groungl Thedataloggeread output
values which arstorel in the computer.

4.2.2 Calibration

All transducersusedin the DSC werealibratedto the design capacignd tested
with saturated sand and frozen safidotal of 10 samplesveretested at different water
pressure (upto u =20 MPa) and effective stress(up to~ Q5 NIPafor pressurized and
a6 = 9 MPa for dry specimens). I n all
combinations must remain within the chamber capacity (Figure)4.Bigure 4.3a
shows a typicatesult for a dry specimen used to test and validate this device.

The chamber must be subjected to a leak test every time before a hydrate bearing

specimen is loaded for testing (Figure-d)3
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Figure 4.3.Calibration ofthe direct shear chambBSC. @) Typical shear test

conducted on dry san¢b) Typical LVDT calibration showing linear relationship and
range of application. (c) Effective stress applied to the sample for each reading of the
vertical load cell, with respect to water pressure. Chandpaadity is also shown. (d)
Leak testminor leakage is common as reflected in this response vs. time for a water
saturated DSC (Note: this depressurization rate may also reflect early dissolution of
trapped gas bubbles).

4.3 Experimental Study: Nankai Trough

4.3.1 Procedure

The transferand subsamplingsystens descibed in Chapter 3are used to load
specimens in the DSC under pressiiest, the coras transferred ito the temporary
chamber in themanipulatorMAN. The subsampling toolCUT andthe direct shear
chambeDSCarecoupled in series. The MAN displaces the specimen until it redicae
cutting positionA 12 cm tol7 cm long specimers cut and then displaced into the DSC

funnel trap. The ball valve is closed and the DSC is separated fromahipulator
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(after the bridge is depressurized).

The DSC is placed vertically and the extermettical frameis attachedto the
selfreacting chamberThe bridge between the top plunger and the ball valve is
pressurized. As soon as pressures are egualike ball valvés opened and the vertical
plunger is loweredt{o extrude the sample from the lingrto the shear baxAn ISCO
pump is connected to the chamber to maintain water pressostant at all time@u =

10 MPa).

4.3.2 Specimens

The NankaTroughis located 80 km from Atsumi Peninsula, SW of Jafdre
Bottom Simulating ReflectdBSRis foundat a depth 0£300 m beneath the seafloor and
~1300 m below the sea levéfigure 4.4). The targebfmation consists of a several
meter thick sandy deposit within a turbidic system (Tsuji et al. 2009; Noguchi et al.
2011; and Fuijii et al. 2013The estirated amount of gas in place is 5 ¥1®° (Fujii et
al. 2008).

Pressure coring was performed from Jun® 29July 4", 2012 (Yamamoto et al.
2012). Pessure cores were kept indadicatedcold room atT = 4°C and ata water
pressuras =20 MPa.All tests were performed at = 10 MPato facilitate operations yet

well insidestability conditions.
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Figure 4.4.Nankai Trough: location, hydrate saturaticoring interval and reservoir
characteristics (after Fujii et al. 2013). Note: mbsl = meters bataviesel

The direct shear chamberas used tdest 3 samplesaken fromthe top,the
middle andthe lower layerwithin the hydrate stability zon¢8P, 10P and 2QPFigure
4.5 summarizes sample propertiggaiheredafter dissociation and using roeentianal

laboratory analyses), antrayimages.
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Sample Core top depth [m] Overburden [m] Description
8P 1276.7 278 Silty sand to sandy silt

X-ray image
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10P 1282.7 284 Silty sand to sandy silt
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20P 1312.7 314 Silty sand to sandy silt

Figure 4.5.X-ray images of tested specimens and properties.

4.3.3 Test Sequence

The test sequence can be synthesized as follows:

1 The plunger i s ,u3MPh vertical sagssponty thet speaimed
with simultaneous fvave measurements.

1 A relaxation test is conductedtarting atll = 3 MPaof vertical stress It
consists okeveral load applications (Figurel@-a).

1 The shear tess conducted all 5= 3 MPausing a stagetbad approach to detec
creep in shearThen, the ringis repositionedo its original zeracdisplacement
position(the vertical stress is temporarily lowered for this step)

1 Depressurization drivenissociation Water pressuretemperatureand vertical
settlementP-waves areecordedduring depressurization

T New shear t est conduct eahthadediniedt without3
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hydrate
1 Unload and regosition of the internal ringp the zeredisplacement condition
1 Reload to 7.5 MPa and conduct a new shear test.

Figure 4.6 shows the test sequencectoe 20P during the complete loading history.
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Figure 4.6.Evolution of specimen vertical displacement during the complete loading
history for core 20P. Sample initial length = 160 mm.

4.4 Results

Results reported herein are organized in three grdapgroperties of hydrate

bearing sediments, (2) sediment evolution during dissociation, (3) post dissociation
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sediment properties.

4.4.1 Hydrates Bearing Sediments

4.4.1.1Shear Strength

Figure4.7 shows theapplied shear stress vs. testing time forttpérate bearing
specimen 20P obtained during tebear testShear stres _ Wis tofhputed as a
function of the applied sheéorce T [N], the cross sectionadreaA [m?], andthe water
pressureu [Pa} No correction factor is applied for the changelw airea during shear
(Note: sheared sediment rides over the ring)

Y
+ — 5 (4.1)
The sheaforceis appliedby imposingone millimetersteps ands permittedto
relax between stepsA seatingeffect can also be noticetliring the early sigesof the
shear loadingCreep takes place in all stefpdgure 4.8 shows the shear sg® andthe

mobilized friction angle

25

20 -

1.5 4

1.0

Shear stress, T [MPa]

0.5 ™

Mechanical interlocking

0.0 g : : : : : :
0 500 1000 1500 2000 2500 3000 3500

Time, t [sec]

Figure 4.7. Hydrate bearing sediment shear test for the core B system iteft to
relaxfor eah millimeter of imposed displacemieShear strengthvaluesbefore and
after relaxatiorare readily seen
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Figure 4.8.Shear test results for core 20P. (a) Sktrass vs. displacemeiib)
Mobilized friction anglevs. displacementgsuming cohesion 3.0

4.4.1.2P-waves

Figure 4.9-a shows the cascadef P-wave signaturesfor different values of
vertical stressThe xaxis shows the travel time divided by specimen length to take into
consideration sample shortening thasultsfrom the application of the loa.e., the
inverseof the velocity. Figure4.9-b shows the Rvave velocities for the first load to 3

MPa anda secondeloadt o as s ess i.hleeanedsuregvelceifie mmge s o
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from 1.68 to 1.82 km/s dur i n=g2000 kginsthe | oad i
small strainconstrained stiffness ptan be computed dgalues in Bble 1):

0 W " (4.2)

Trigger

Effective stress, ¢’

———— AWV~ 0 s2MPa
————— AW i~ 0.87MPa
——— VMWW sAA e~ 1.32MPa
———— VWA~ 178 MPa
———— AW\ WA na— 223 MPa
———— AW 269 MPa
._._.__,V\/VVVVV\/\,WM,\,WM 3.14 MPa

0.00 0.50 1.00 150 2.00 2.50

Time/Specimen length = [sec/km]
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Figure 4.9. P-wavemonitoring results for hydta bearing sediments undefferent

appliedvertical effectivestress § for the hydrate bearing sample 1@®) Rwave
signature cascade and triggeggnal during loading(b) Pwave velocities.
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4.4.1.3Relaxation Test

Figure 4.10a showshe relaxatbn behavior aftethe first load and the multiple
re-load interventions Vertical dress and displacement are measuredring the
relaxation testThe 1D consolidation equatiofC, V2u = du/dt) is solvedtogether with
the settlement equatio® = [* Cr log(4 ;63u)/A ,@2), using a forward scheme in finite
differencesto simultaneously match thmeasured displacement. Figu#elOb shows
resuls for the specimen 20P. Blue dots represent measured values and the black line is
the result of the best fi.he inert shove the first loading in serdiog scale the slope is
the coefficient of volume compressibility,:

Ya p - (4.3)
p QY,x VY,

a
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Figure 4.10. Relaxation test for theydrate bearingample 20P. (a) Measured stress and
displacement. (b) Best match. The insert shows the firstresabnse
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4.4.2 Methane Gas Dissociation

Cores 8P and 10P were dissociated under fluid pressuateol by opening a
needle valve until the internal pressure equalizes with the room preSsuee20P was
dissociated following a sequence of pressaral flowcontrol conditionsFigure4.1l-a
andFigure4.11b show the transition fromressue-control to flowcontrol

a) b)
Intermediate
chamber
(=

Gas
-
I
(=)

/

Pressure
transducer

Water

W

D

—

Chamber pressure, U, [MPa]

2
~
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-2.0

Chamber pressure, u. | [MPa]
Vert displacement, §, [mm]

30 - Pump stop .
—
i |
1
! |
-4.0 - i i
v i
1 1
] 1
50 - . ! : :
0 2000 4000 6000 8000 10000
Temperature, T[C] Time, t [sec]

Figure 4.11. Dissociation test for core 2Qhder effective stresy, = 3 MPa (a) Flow

control procedure. The ISCO pump extsagater at a constanateof 60 ml/min,and
thechamber pessure. Pressure and temperature are monitored at all times. (b) Pressure
drop and volume contractiors. time for the two systems: msure control and flow

control. (c) Dissociation tegt PT space: hydrate stability boundaries in salt water and
fresh water are shown for reference.

Thedissociationof core 20Hs plotted in Figuret.11-c in a pressureemperature
PT space, whertne phase boundasfor hydratefresh and salt wateare superimposed
Dissociation follovs the theoretical curveslosely Minor deviations are potentially due

to the lack of colocation between the dissociation front and the position of the
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thermocouple @e Figuret.l).

Hydrate saturation is computed from the amount of gas extracted as:

where \§ is the volume of gas at atmospheric pressvgghe volume of the specimen, n
the porosity :cns IS the methane solubility in water, 5 the cage occupancy and

f p X is the gas volume expansion factor

The sediment volume contraction is also measured in all cores during this step.
Figure 4.11b shows the vertical displacement for core 20P durisgodiation, reaching
a vertical ,e@838x% IFfakfteri3®min (2200 sék.) of testing, the pump

needed to empty its container, pausing the test.

4.4.3 Post Dissociation Sediments Response

4.4.3.1Shear Strength

Figures 4.12a and4.12b shav the shear strength and mobilized friction angle
for core 20P after dissociation and under vertical effective stri@ss 3 MPa Once
again, the specimarlaxesaftereach horizontadlisplacement (1mrn as inFigure4.7),
but the relaxatioris lessprormouncedthan in thecasein the sedimentvith hydrates The
post dissociation shear respomle®s not show a clear pestkength Since this test was
performed after dissociatiand gas was present in the samfiieapplied vertical stress

is expected tdoe close tothe effective stress.
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Figure 4.12. Shear test after dissociatior core 20P. (a) Shear tas. displacement
(b) Mobilized frictionangle vs. displacement (assuming cohesion = 0).

4.4.3.2Compressibility

Compression testlata gatheredfi@r dissociation are plotteith Figure4.13 for
core 20P Since this specimen was loaded during dissociation, it shows -a pre

consolidation value of ®Pa. The virgin curve is reachédring reloading.
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Figure 4.13. Compressibility test after dissociatidor core 20PDatashowa pre

consolidation stress of 3 MPa since during dissociation it was loaded to that effective
stress.

4.4.4 Summary

All values gathered by the DSC are summarizedlable 4.1 Figure 4.14

combines all shear tests for the coreR@vith and withoutydrates.
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Figure 4.14. Compilation of shear tests with and without hydrates on marine sediments
of Nankai Trough for the sample 20Riangles represemteak values whilequaresre
residual values. Red dots corresponds to teeglaxation behavior and green dots are
for postrelaxation. Insert: hydrate bearing sediments shear strength.

Table4.1: Summary of results gathered using the direct shear chamber DSC

Properties 8P-6 10R2 20R4
S Coef. of volume compssibility,m, [m*/MN] 0.108 0.083 0.038
T Coef. of consolidatiorg, [m?s] 8.8x10" 4.4x10° 9.0x10’
8 Peak shear strengtiMPa] @( E 3 MPa 2.20
é Peak friction anglefipeax[°] (*) 36
& Residual friction angleies[°] (*) 27
O Wave velogy (@ U E 3 MPa),V, [m/s] 1890
Initial height,Ho [mm] 60.0 117 160
Mmax (@ 0 E 3 MPa),[GPa] 7.0
-% Volume of extracted ga¥/ [cc] 2620 4330 5030
'g c Hydrate saturatiorty, [-] 0.21 0.15 0.27
@ Settlement{i [mm] 2.5 4.58 3.68
O  Axial strain during dissociatioty -] 4.8x10° 4.5x10° 2.3x10°
S Compression indexG. [-] 0.39 0.13 0.14
.§ Recompression indfzﬁ;, [-] 0.018 0.001 0.011
S Peak shear strengtiMPa] @0 E 3 MPa 1.36
2 Peak shear strengttMPa] @ & E 75 MPa 3.69
‘g Peak friction anglelipeak[®] (*) 27
o Residual friction angl€jies[°] (*) 25

(*) Assuming ohesion = 0
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4.5 Discussion: Comparison with Published Data

P-wave velocities and shear strength are compared in Figurea4The Rwave
velocity from logging while drilling data LWD are ~ 16% higher than Vp measured on
pressure cores in the DSC. Sampling effects may account for this difference (refer to
Stokoe and Santamarina 2000). Conversehsitin Vp measurements are aftfet by
drilling operations, change in effective stress (cake formation imposes the mud weight as

lateral effective stress)nd longer wavelength averaging.

P-wave velocity [km/s]

a) 1 2 3
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8 &
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300 0 : : ‘
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Hydrate saturation, Sy, [%]
310

LWD

(Matsumoto, 2004)

320

Figure 4.15. Comparison with published data. (a)lave velocity gathered from DSC is
shown in ahick black line while the logging while drilling data is grey from Matsumoto

et al. (2004). (b) Shear strength values from this study are shown in a thick black line.
Diamonds represents 1 MPa in confining stress, while squares and triangles are the
markes for 3 and 5 MPa. Empty markers are for the case of Nankai Trough bearing sand
and methane hydrate; filled markers for toyoura sand and methane hydrate. Shear
strength from the literature was computed as half of the maximum deviatoric str@ss. Da
compiled from (Hyodo et aR011; Miyazaki et al. 201 Waite et al. 2000

Figure 4.15b compares the shear strength dgtheredusing pressure cores in
the DSC and laboratory test published in the literatureparticular,triaxial testswere
performed on remolded sandy specimens from Nankai Trough with methane hydrates at

1, 3 and 5 MPa of confining stress (Hyodo et al. 2011) and Toyoura sand with
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reconstituted methane hydrates (Miyazaki et al. 201Rublished values tend to be
higher than the ones gathered using pressure cores in this study. A significant contributor

to this discrepancy is attributed to the biased hydrate formation in laboratory specime

4.6 Conclusions

This chapter described the design, construction and operation of sheaw
device with concurrent wave measurements to characterize the small and large strain
response of natural hydrate bearing sediments recovered using pressteetuoology

1 The chamber was designed fowater pressuref 35 MPa anckffective stress of

9 MPa (refer to Figure 4-8).

1 This tool wadirst deployedo testpressure corefsom the Nankai Trough These
hydrate bearing sedimentecoveredduringthe July 2012 expedition were tested

to determine Rvave velocity,shear strengthcompressibility, relaxatiogngas

saturation and volume contraction upon dissociation.

1 The peak friction angle of thaydratebearing clayeysand specimen with,S

0.27 is 30% higher than thehydrate free sedimentyet, the residual friction

angles are the sam€he low residual friction anglie.s= 25 confirms the effect

of clay content

1 Shear strength results from laboratory experiments amnéve measurements

from LoggingWhile Drilling data tend to be higher values than the one obtained

with Direct Shear Chamber. The discrepancy may be due to the core disturbances

during sampling and biased sample preparation practices used to reform hydrate.
1 Sediments contract during degsurizatiordriven dissociation. Volume

contraction is aggravated by fines migration and removal, i.e., fines production.

Deliberate steps must be taken to prevent fines migration/removal in laboratory

tests as well as field production studies. Filterwain opening size less than ~5

times the characteristic size of migratory particles should prevent loss of fines.
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1 The study of Nankai trough specimens repoitedhis Chapterdocuments the
evolving methodology fothe comprehensive characterizimg hydratebearing
sediments. Data gathered with pressure core characterization tools play a central
role. Additional information is gained from borehole logging measurements (
situ testsi Chapter % and through post decompression sediment analyses,
includingindex propertiegrefer to the discussion in Chapter E)nally, all data
are considered within the framework of physical models and correlations that
reflect worldwide sediment data. This methodology provides adequate estimates

of parameters necessary feservoir analyses and simulators.
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CHAPTER

BOREHOLE TOOL FOR THE COMPREHE
CHARACTERI ZATI ON OF HYDRATE BE
SEDI MENTS

5.1 Introduction

In-situ characterizatioplays a critical role in the determination of stratigraphy,
soil characteristicsand parameters in geotechnical engineering. Devices and tests
procedures have evolved to overcome boundary effects, measurement errors and
misleading interpretations. Still, data post processing remains a mixture of mechanical
analyses and correlations.

Penetrationdsing gained broad acceptancen t he 19406s when K
standardized its poedure(Standard Penetration Test SRIhd included the split spoon
sampler(Rogers 2006 Be s i d es S mdst comnmom igsitu Gysotechnical tests
include Cone Penetration Te§tPT, Flat Plate DilatometeDMT, Pressuremeter PMT
and Vane SheaW¥ST. These devicebave beerextensively instrumented with diverse
transducers such as temperature, geophones (seismic wave velocity), camera,
radioisotope (gamma/neun), electrical resistivity, dielectric, pH, oxygen exchange,
and laser/ultraviolet induced fluorescence probe (Lunne, 2&dbertson and Cabal,
2010).

This chaptereviewsseafloor insitu characterizatiodevicesanddocuments the
development of a newool for the insitu characterization of eEhore formations in the

context ofhydrate bearing sediments.

5.2 Offshore Explorationi Current Technology

Offshore sediment characterization includes shallow seafloor assessment (~300

mbsfi meters below theeafloor) and deep formation explorations.
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Shallow seafloor exploration and characterization have been drivegedy
hazardstudies and the energydustrly (gas and oil)Recent developmenis deepwater
nearsurface seaflooexplorationreflect offshae foundationneeds as wellfrom piled
jacket structures to gravilyasel platforms and anchored seabed structytasine
2010) Figure5.1 shows the evolution afeepwater exploration in the last 50 years.

3500

World Record —_— 5
Offshore India

Rig: Transocean's Dhirubhai

3000 -

2500 -

2000 -

1500 -

Water depth [m]

World Record
Offshore US GOM
Operator: Petrobras

1000 -

500 -

0 - \
194 1950 1960 1970

1980 1990 2000 2010 2020

Year

Figure 5.1.Worldwide pogression of waterapth capability for offshore exploration
and production. Each point represents the depéxploration and platform dloater
(offhsoremag.com; Lunne, 2010).

Devices for seafloor characterizatioan be divided int@d categores: Remotely
Operated Veitcles ROVs DraggedDevices, Wireline Logging andPenetrometers.
These toolsrary in maximum operationalater depth andedimentpenetrationdepth
Most devicesrequiredirect connection t@ surfacevessel for power supply and data

acquisition.Salient @amples follow.

5.2.1 Remotely Operated Vehicles ROVs

Remotely Operated VehicleROVs are unmanned underwater sgfopelled
vehicles. Acrew operating from a floating vessetceives and sendfata/commands

through an umbilical cabjéncluding video, pwer and data. ROVs were first deployed
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as military vehiclsi n t h e Tabl®53l lisbts commercially availabl®OVs often

used forscientfic purposes.

Table5.1: SelectedROVs (Note: additionalnformation in www.maum.de

Name Size (length x Main features Max water depth
wide x height) [mbsl]
[m]
- 3 cameras
Cherokee | 0.9x1.3x0.9 | -3 pushcores (30cm) 1000

- 3 fluid samplers

- Turbidity sensor

- Up to 16 pushcores

- KIPS fluid sampler

- 2sonars

- HD video

- Scoops, nets

- Detailing bathymetry data
- Sonars

B-seal 0.74 (diam) x 5.5| - Purpose: detection of hydrothermal 5000
vent activities; presite surveys at cold
seep system

- Sensors: salinity, temperature,
turbidity, current measurements, bio
Move 2x2x3 gecchemical via incubation chambers 6000
- Operates in difficult conditions thanks
to its tire traction system

- Captures pictures of a known volume
of water for statistical analysis of
suspended particles

- Camera: NKON Coolpix 995

- Hybrid (could be operated with or
without umbilical cord)

- Coring for sediments and rock

- Biological sampling

- Water sampling

- HD Acoustic Bathymetry

- HD video

- Basic chemistry

Quest 3.3x23x1.9 4000

ParCa 6000

Nereus (*) | 4.25x 2.3 wide 10000

(*) Taken fromWoods Hole Oceanographic InstitutibdNereus was lost at sea on May
20147 it was considered the seceddepestliving device in operation
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5.2.2 Dragged Devices

Draggeddevicesare attached with a cable to th®ain vessel and are towed
typically at a constant velocityhile they collect data in the water column and the near
surface seaflooiFor example the Neridis Il (German Center for Marine Environmental
Sciencesi Marum) captures magnetic susceptibility (a proxy for -finained soils),
condctivity, temperaturedepth turbidity, video, and photography(www.marum.de
Figure5.2-a).

a)

EM Sensor head * Lift bag

Control unit

Lift bag~y,
Battery unit

CTD probe

Figure 5.2.Dragged devices. (a) NERIDIS Il (Marum). (b) OmniMax anclgig]ton
2007; delmarus.com

Dragged systems malso include anchors. T@mniMax anchois a10 to 17
m longtorpedolike anchor, hag or 4 flukesandweighs 80 to 100 tonnéBigure5.2-b;
Zimmerman et al, 20Q09Shelton 200y The anchor is left torée fall in thewater
column andpenetrateshe sediment to a deptbf 1.5 to 3 times the length tie anchor
(Randolph, 2012; Randolph et al 2011). Teeordedpenetration forcéime signature is

backanalyzed to obtaithe variation okeafloor strengthvith depth

5.2.3 Wireline Logging and BoreholeOperations

Wireline logging toolsare lowered ito a boreholewhile data is stored inside the
tool or sen live to the vesselLogging while drilling LWD and measumgent while

drilling MWD characterize the formation without the need to remove the tiigsand
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avoid relaxation effects. Available measurements are summaiizedable 5.2.
Correlatiors and physicsnspired models are invoked to infer porosityydrate

saturation, anfbrmation stiffnesgrom loggingdata(Collett and Lee 2011)

Table 52: Informationcollected duringcientific cruises (iodp.ldeo.columbia.edu)

Principal Application

Vertical Seismic Profile
Borehole/Drilling

Parameters

| Temperature/Pressure

| Geochemistry

ax| Resistivity
| Gamma Ray

ar| Porosity

R

Corelog Integration

Log-seismic Integration

Drilling Operations

High Temperature Environments
Hole Stability Problems
Hydrogeology

Paleoclimate, High Resdion
Stratigraphy/Sedimentology
Structural Geology

Gas Hydrates

| an| Acoustic Velocity
| x| Density

Qn | an

an
an|an

Technical
an

Qe | Q2 Qe

a

an| an|an

an| an

an| an| an| an
an

Qan

Scientific
an|an|an

an| Q| an|an
an|an|an

a

an

a

Q
an

Available sidewall tools are designed to recover specimens fremented
sediments usingotary motion or percussion, or tmnduct fluid samplingFigure5.3).
Schl umbergerés Modul ar Formation Dynamics
to measure pressure, temperature, permeabilities (horizontal and vertical), obtain fluid
samples (and a live fluid analyzer module) and a pumpout test (slb.com). This
device was used to test hydrate dissociation in Mallik (Canada; Anderson et al. 2008).
Side wallsamples and testing systems operate within the annulus affected by drilling,

and results are inherently biased
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Side-wall coring tool

Wk v
e
‘ £
| e
A
Cores severed ! a

Catcher ring retains core /5 /S w ua

|

www.halliburton.com www.slb.com

Side-wall fluid sampling

% Contamination

Flow rate 5
(% of total flow)

Front view of probe and packer

www.slb.com

Figure 5.3.Side wall samplers: coring and fluid sampling.
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5.2.4 Penetrometers

There are full flow and standard copenetrometerd-ull flow penetrometers are
preferred in soft sediments and includall, T-bar, and vangFigure5.47 Table 5.3.
The gomety of full flow penetrometersimplifies data andanalysisinterpretation
Cyclic penetratiorcan be imposed to assess thiéy remolded soilstrength(Randoph,

2012; Randolph et al 2011; and Lunne et al, 2011).

Full Flow Cone

T-bar Ball Vane CPT

33 cm? 15 cm?

Figure 5.4.Penetrometers faoft marne sedimentharacterization (Kolk and Wegerif,
2005; fugro.com)
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Table5.3 Full flow penetrometers (Randolph 2012inne et al. 2011)

Full flow Size (diameter x Recommended guidelines Standard
penetrometer length) [mm]
-20mm/s peneétion rate
T-bar 40 x 250 - 10 cycles of penetration and ?‘N(z?ﬁac;gg&(;l
extraction with 15cm stroke
-20mm/s penetration rate
Ball b;)Or )7(82 ?225) - 10 cycles of penetration and Ssoui)fizﬁgg)d o
extraction with 20cm stroke P
- Rotation rate: 0.1 to 0.2 NORSOK G001
Vane 40 to 60mm deg/sec (Norway 2004)
diameter - After peak: 10 rotations at | and
4rpm for remolded strength | ASTM D257308

On-shore and ofshore cone penetrometers have been instrumented to measure
(Burns and Mayne 1998; Jefies and Been 1987; Raschke and Hryciw 1997; Hryciw et
al 1998): penetration resistancesleeve friction, water pressyregemperature,
inclinometers, electrical resistivity, nuclear density,-v&ave detectiontime domain
reflectometry, laterastress redoxpotential, pHand visual grain size analysisafle5.4
summarizes available cone jpération tests for seafloor and borehole characterization
Freefall conespenetratethe upper few meters of the sediment coluamd
measure penetration resistance, lyeateration and dissipatiowaterpressure diffusion
and haveaccelerometers and inclinometers (e.g., FFCPT e€PFU, www.marum.de
Steiner et al. 201 ZFigure5.5-a); data interpretation requires proper integration of depth
dependent insertion conditian®enetrometers for deep marine characterizasion
deployed ahead of the borehgbl®ottom hole type)The penetration depth is limited by

either mechanical/geomatal factors or by the reaom force that can be mobilized.
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Table5.4 Evolution in Cone Penetration T&SPT developedor marine sediment
characterizationnjodified and updated from Boggess and Robertson, 2Qfitie, 2010
and Peuchen, 2013

Date Equip. Company Main features Used for Main reference
name
1.5m stroke -
1970 | WISON Fugro Hydraulic cylinder Bottom hole | Zuidberg (1972)
4 m penetration :
1972 | -- NGI/McClelland Discontinuous push Near surface | Eide (1974)
25 m penetratio (@ 130
1972 | Seacalf Fugro m water depth) Near surface | Zuidberg (1975)
Discontinuous push
1973/ WISON
1974 APvanden | APvandenBerg | Hydraulic cylinder Bottom hole | Berg (1984)
Berg
. Push on drill pipe McClelland
1974 | Stingray McClelland (Discontinuous push) Near surface (1975)
1974 | Stingray McClelland Push on drill pipe Bottom hole (l\iggllse)lland
: 60 m penetration :
1976 | Diving Bell Delft SO!I (Discontinuous push) | Near surface Vermeiden
Mechanics Lab . (2977)
600 kN reaction force
1982 | Swordfish | McClelland 4.5m stroke Bottom hok (I\i?é% etal.
. 1 m stroke -
1983 \I\//Ivlirs“on Fugro 5 cnf cone Near surface gggg)and Kolk
Mounted on ROV
APvandenBerg | Roller wheels
1983 | ROSON D6 Appol ((Contnuous push) Near surface | Berg (1984)
Modified
1984 | BORROS | McClelland Continuaus push Near surface ,(Alg;g)dsen etal
rig
Wheeldrive . Zuidberg et al.
1984 Seacalf Fugro Continuous push Near surface (1986)
Stroke 3m
Capacity = 110kN Peterson and
1984 | Dolphin McClelland Data stored on tool Bottom hole
Johnsor(1985)
Pushed from mud
pressure
1991 | SCOPE Geo (Denmark) | Discontinuous push Near surface E)l%r;vze)r and Riis
Coiled rod Power and Geist
1992 | Seascout | Fugro 1 cnf cone Near surface

Pushed from minrigs

(1994)
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Date | Equip.name | Company Main features Used for Main reference
70 m of 38 mm rod :
1994 | TSP II\?/Iapp/Fugro/ (coiled CPT) Near surface Power and Geis
cClelland 3500 m max water de (1994)
pt
Stroke 1.5m to 3m
10cnf CPT
Max depth = 300@n Power and Geist
1994 | WISON- XP | Fugro 76mm sampler Bottom hole
Data stored on tool (1994)
Pushed from mud
pressure
. Sampling of 1 m long Hawkins and
1997 | Searobin Fugro CPT to 2 m (10c) Near surface Narcus (1998)
30 m penetratioii 36
mm diameter rods Meunier et al
2000 | Penfeld IFREMER Coiled rods Near surface (2000)
6000 m max water dept
Seabed founded
CPT: 36mm diam rods
Benthic Sampling: 44nm Pennington and
2001 | PROD (Australia) diameter and 2.76 Near surface Kelleher (2007)
long
2000 m max water dept
Stroke >3m
2001 | CPTWD EEISIand Data stored on tool Bottom hole (82%%h4e)tto etal
Advanced by dtiing
Chartier 2005;
: Mini conei 6.4 mm Flemings et al.
2005 | T2P UT Austin diameter; 1.3 m long Bottom hole 2006; Darnell et
al. 2012
Sampling: 7484 mm
diameter and 3m long
(pushing or rotary Freudenthal and
2007 | MeBo Marum coring) Near surface Wefer (2007)
Up to 50 m of soil
sampling
Data stored on tool and
real time Peuchen and
2007 | WISON- EP | Fugro Pushed from mud Bottom hole Raap (2007)
pressure
: 5cm2 cone GeoMarine
2009 | geoROV GeoMarine ROV mounted Near surface (2010)
200kN thrust capacity
DeepCPT (Continuous push) Boggess and
2010 (Figure 4b) Gregg 3000 m max water dept| Near surface | Robertson
and 200kN capacity (2010)

10 and 15cm2 cones
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Penetrometers can also be usedecoverfluids: BAT (max operation deh 800
mbsl; Torstensson, 1984PGP nax operation depth 2000 mbs\Gl; Kolk and
Wegeri f, 2005) and PWS; figloeayrwhiéhsan gasitybe wat er
installed in Fugr oo sOthd sdmplardanciudeo HydropdinéhON X P .
(Robertsone al . 1996) , Envirocone (OO6Neilll et a
Purdy 1995). Hydraulic conductivity has been correlated to the measured tip resistance,
sleeve friction and pore water pressure (Elseworth and Lee 2005).

a)

m
Weight-
Pieces

Waterproof Acceleromter
Housing

Micro-Controller & Data Acquisition

Jmma[[

310 mm
Power Supoly
Adapter

180 mm e

1000 mm

Slesve / Cone
Probe Bedy Load Cells

564 mm Absolute Pressure
Sensor

Pressure Porl u2 —_| | nclincmeter

o
2439mm

Figure 5.5.Cone penetrimeters for shallow seabed characterization. (a) Free fall cone
(marum.de). (b) Minirig (greggseatfloordrill.com)

Penetrometergause high shear strains at hgghain rate{Mayne 2001; Chung
et al 2006); the computed strength of full flow testsiggificantly higher tharvalues
measured at small strain ratdsunne et al 2011): typically, the measured undrained
shear strength increases by 3% to 10% per log cycle of strain rateRBuliguez et al.

2009).

5.3 Design of an Insitu Tool for Hydrate Bearing Sediment Characterization

Critical parameters needed for the analysis of reservoirs and the design of gas

production strategies from hydrate bearing sediments are identified in Table 5.5 The in
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situ tool described herein was designed to address abiinese needs.

Table 55: Critical parameterseededor analyses and engineering in relation to hydrate

bearing sediments

Property

Sensor/method

In-situ temperaturepressure

Direct measurement

Porsityi Hydrate saturation

NM

Hydrate morphology

Video

Index Properties ang

Grain size distributiofi Fines

Reservoir content From soil sampling / video
Characteristics | Stratigraphy
Formation history
Salinity

Porewatergeochemistry

From pore water sampling

Thermal onductivity

Direct measurement and post

Thermal Properties process.
Specific heat Latent heat NM
Capillarityi Saturation curve NM
Relative permeabilities NM
Hydraulic Properties Hydraulic conductivity Direct measurement and post
process.
Potential migration pathays NM
Lateral stress coefficient NM
Soil Stiffness: shear and bulk Direct measurement and post
Mechanical stiffness process.
Properties Strength Direct measurement

Stressdependent dilatancy

Compressibility upomlissociation

From soil sampling and lab testin

NM = Not measured by this device

The disturbedplastified zonearound a cavity or inserted restendto a distance
Raist = 4.5 Rog, Where Ry is the rod diameter (Baligh 1985; Kirsch 1898; also Kirsch
solution and St. Venant principlefhe zone affected ahead of a penetrating rod extends
to LgisfRroq = 3 (Baligh 1985). Therefore the new tool is designed to obtain physical
parameters away from the zone affected by coring, in particular, beyond 3 times the

radius of the borehole

Genenl Characteristics The toolis designedas a stackabléype modular penetration

system with a simpléut versatile architectureMeasurements are made ahead of the
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borehole during and after penetration. The tool is madganfiless steel 31®r high
stress and chemicatesistage All modules are 36.5 mm in diameter (area ~ 16)cm

The device consists of: the body, the modular probe system, and electronics (Figure 5.6).

— —
/‘ Body
_Q . Parts / \
_ Body + Anchor + Lifting i
systems
Soil sampling modules P
J___I— pling —
Peripheral
— components
u . Penetrometer modules )
\V i

Figure 5.6.In-situ characterization tool: Genekaéw.

Body: The body is a dindrical cavity(OD = 100 mm;SS316 with two rigid endcaps.

The body supports the modular penetrometer and sampling tubes, houses the electronics,
includes the fishing/lifting system, and the anchor to the drill bit Bottom Hole Assembly
BHA (Figure 5.7) The anchor system couples the tool to the drilling string to use the
weight of the drill bit to advance the penetration device. The geometry of the body

depends on the drill string available at the site.
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Lateral pins Lateral pivoting wedge

Standard API connector

Figure 5.7.Coupling systenusedto lock the tml to the drill bit.

Modular Probe The maximum penetration force is computed for a hydrate bearing
sediment with an undrained shear strengtk $0 MPa (hydrate saturation,g= 100%;
Waite et al., 2009). The maximum force needed to penetrate a4probe into this
formation is ~90 kN. The maximum tool length to avoid buckling is computed from
Eul erds equation. Resul t smxs bh20wm fortheacase afh e ma
both ends hinged (Figure 5.8).

The load cell at the tip of the modulprobe has a capacity of 200 MPa and

measures a combination of water pressure and penetration resistance (Figure 5.8). The
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tool can be internally pressurized prior to deployment tespess the load cell to extend
the depth range of the probe.

1000 -

Diameter d

50 mm
40 mm
36 mm
30 mm

20 mm

100 -

10 4

1

0 2 4 6 8 10
Su [MPa]

\
Foce needed - F [kN]

\
”/// 280

— 240 .
E Diameter d
'—T 200 50 mm

| £ 160 40 mm
5120 36 mm
S | 30 mm
L 80 20 mm

40 1 10
0 Both ends hinged (K=1) mm
0 2 4 6 8 10
Su [MPa]
250
T Tool capaci
€ 200 | pacity ,ff'f:::
"
8 150 -
&
E'D 100 -
°
_8 50
=
0 T T T .
0 2 4 6 8 10

Undrained Shear Strength, S, [MPa]

Figure 5.8.Overall mechanical design. (a) Maximum needed force. (b) Maximum tool
length to satisfy buckling restrictions. (c) Tool longitudinal stress dependence between
water pressure and undrained shear strength.

Electronics:Datais either transmitted to ¢hsurface vessel in real time, or stored in the
tool. Transmission requires armamunication cartridge and communication modem

(weatherford.com) Data storage within the tool is possible usinodf-the-shelf
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microprocess@ powered by standard batterieghis is the approach selected for this
prototype The chosen microprocessor is an Arduino UN@w.arduino.cg due to its
intuitive architecture for sensor development, low power consumption, small dimensions
and large online library of projects and perigie. Figure 5.9 shows the device ready to

store data in a SD card, and its technical specifications.

CPU 16 MHz ATmega328

Pins In/Out 141/0

Sampling frequency 1ms

Memory flash 32K

Size 2.7inx 2.1in

Software Arduino IDE (Java based)
Power Batteries / USB / AC-to-DC adapter
Pc connection USB port

Voltage (limits) 6-20 V

Voltage (recomm.) 712V

Operation voltage 5V

Resolution 10 bits

Memory storage Peripheral / SD card
Price ~$30

Figure 5.9.Data storage unit: Arduino UNO (arduino.cc)

The analogo-di gi t al converter ADC availabl e
is a 10 bitsunit (expandable to 16 bits). This allows a resolution of V01for
thermocouples and 0.01 mV for load cells and strain gauges (Figura,5H.andi c).
Measured power consumption is plotted in Figure &l 16r the Arduino, Secure Digital
SD card wrier, thermocouples, load cells, strain gauges and impedance analyzer
(electrical resistivity measurements). Most of the power is consumed by the
microprocessor and the data storage components. The maximum amount of time a single

9V battery can last varigseom 1 to 3 hrs.
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Figure 5.10.Data storage unit: Resolution (a) Thermocouples. (b) Strain gauge. (c)
Standard load cell. (d) Power consumption

5.3.1 Tip Module: Insertion Forces and Temperature

5.3.1.1 Design:

The tip module consists of the tip itghe sleeve and the porous filter (Figure
5.11). The sleeve houses and protects the instrumentation. The nucleus is instrumented
with a full bridge strain gage (to cancel bending and temperature effects) and 2

thermocouples. The porous filter ring is reauf stainless steel 316.

82



Strain gages

To data acquisition
unit

Thermocouples _

2
-
=3 ]
<] © —
oM EE
T A
(7] L
Sleeve 2 m
(=X
Force module §
body = <
Porous
stainless 2
rie

Force module steel

sleeve

Standard Buna-N o-ring
36.5 mm
Porous stainless steel A

Standard Buna-N o-ring

Force module tip

Figure 5.11.Tip module: parts, elements and wiring.

5.3.1.2 Mechanical Verification:

The tip moduleis designed to sustain thexpectedpenetratiorforces and water
pressureAnalytical solutions and a FEM numerical moded aised to assess internal
stress concentrations, the collapsibility of the sleeve and buckling of the tool. Figure 5.12
shows the stress field for the tip module facing 90 kN penetration force and 10 MPa

water pressure. Results show adequate mechanidarmpance under these extreme

conditions.
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Figure 5.12.Tip module mechanical verification: Yield stress for SS316 is 200MPa.

5.3.1.3 Calibration:

A chamber and coupler are designed to calibrate theltamnsists of a 1.20 m
long SS316 tube with eap able to couple with the tool to the pressure chamber (Figure
5.13). All cables exit from the top; the tool response is logged using a standard
computerbased data logger. The tip was successfully tested to 25 MPa of water
pressure. The tool pore pressuesponse (generally called)land insertion forces; q
correlate well with the applied fluid pressure in the chamber (2% error). The tip
resistance determined with the strain gages fixed to the core is correctedtéecdip
area ratio (coefficientga and the pore pressure effect on the shouldey)(l,. Figure

5.13 shows the equations used and calibrations.
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Figure 5.13.Tip module calibrationMeasured pressure usisigain gaugess. chamber

water pressure.

The thermocouples in the forceodule are located inside the protecting sleeve.

The tool thermal response was measured by subjecting it to cooling and heating cycles in

an environmental chamber. The response delay is 10 sec during cooling, and 8 sec
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during heating (Figure 5.14).
Thermal effects are partially compensated: they cancel in the full bridge but
strains in the core remain. A 30 degrees Celsius change in temperature produces a

0.12mV bridge response for a 10V bridge excitation (Figure-5)14

a)
Cooling reactiontime = 10 sec
o ] 20 A Heating reaction time = 8 sec
To data acquisitionunit
)
[
§ 10 -
- [l
—1 /4/ i
§
]
10
-10 T T T T T
0 20 40 60 80 100 120 140
Time [min]
- b) 35 -6.60
=
25 £
) 6.70 &
e g
g 15 Strain gauge s
3 >
E - -6.80 g
3 5 =]
I 3 5
] 2 5 Room and - -6.90 £
CPT temp. &
-15 T T T T -7.00
0 50 100 150 200 250

Time, t [min]

Figure 5.14.Tip module: temprature effect. (a) Thermocouples response time. (b)
Strain gage response to temperature change.

5.3.2 Hydraulic Conductivity, Fluid Sampler and Mini Production Test

5.3.2.1 Design:

Hydraulic conductivityis measured using a system of valves and pressure
transducers to determine flow rate and pressure gradient (Figure)5.I6e water
extraction inlet at the tip of the force module is connected to the storage tank through a

solenoid valve and a check valve (to prevent reversed flow after sampling)rédseire
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transducer in the tank measures the pressure evolution in the gas in order to compute

flow rate using Boylebs | aw.

a) b)

(r N (7

]

H
]

Water and gas
container

Fluid
sampler

Body

—

|
. u |u PT = Pressure Transducer m
|
Sy

e
——— -
(@]
=
[0}
(]
=
<
5
<
@
0
=
@
(]
=~
<
5
<
I}

- ) S = Solenoid valve

T e o e e -

Figure 5.15.Hydraulicdualsystemcomponents(a) Hydraulic conductivity
measurement system. (b) Mipioduction test

The govening equation:

n "0Qo6 n (5.1)
shows the flow rate g as a function of the hydraulic conductivity k, the initial reservoir
pressure  the initial pressure in the containeygnd a shape factor F which accounts
for boundary conditions. Pore water car bampled without dissociation by pre
pressurizing the container to an initial pressuge higher than the dissociation
pressure.Water permeability k can be estimated as (Figur@5Tktenson 1984):

Cn S .
1> P P Pgd O 0 (5.2)
O6 n6 nNno o n n o

where y the initial volume of gas in the container, andsghe pressure in the container
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at time t.

The test duration is highly dependent on the permeabiityassive test can be
implemented with this probe as well by measuring the dissipation of the excess of pore
pressure generated during penetration (see Burns and Mayne 1998; Burns and Mayne
2002; Chartier 2005).

Finally, a parallel hydraulic system @lVs for a miniproduction test. A solenoid
valve opens a tank kept at a presswbgiow the dissociation pressure, thus water and

gas can be extracted and sampled (Figure-®)15

5.3.2.2 Verification:

The shape factor F for this probe is determinedgisumerical simulations; the
computed value is F = 2D (Figure 5-bf and corresponds well with published analyses
(Hvorlsev 1951; Chirlin 1989; Mathias and Butler, 2006). Note that givelotiagion of
the water inlet, flow conditions resembles spradritow. The numerical and analytical
solutions for a spherical flow are compared in Figure 5.17. The chart shown in Figure
5.17c facilitates the estimation of the hydraulic conductivity using this probe from the

measured flow rates and differential prggschanges.
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Figure 5.16.Hydraulic conductivity measurement system. (a) Pressure and volume vs.
time. (b) Shape factor from numerical simulatiddete: y is the reservoir water
pressure ang, the initial water pressure in the container.
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Figure 5.17.Hydraulic condutivity system verification. (alNumerical model in
COMSOL. (b) @mparison of the numerical model and the ideal spherical case. (c)
Solution chart for a measured flow rate and water pressure change.

5.3.2.3 Calibration:

Four porous filters are calibratednder: flowcontrol (low flow rate) and
pressurecontrol (high flow rate; setip in Figure 5.18). The filters include a standard
CPT plastic filter and 3 filters made of stainless steel 316 with different pore sizes.
Results are compared with numerical giations to match the pressure droP; all

filters exhibit high conductivity (> I&cm/s).
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Figure 5.18.Porous filter calibration: (a) Setup of the two types of control tests: flow
control and pressure contrfbhsed test. (b) Results for different quas filter. Lines
represent results from numerical simulations and discrete @hiate measured values

Fluid sampling tests are shown in Figure 5.19 and resulfs fatu, 1 p, = 0.33

MPa, for different filter types. Measurement must fall on thetrigind side of plots to

disregard measurement errors.

91



a)

Fluid to
Reg. Tbe stored
=
g g
: i N
>
Data Logger é /] I\
Power Supply ©
Porous
2 E B filter
Fluid
sampler/container
b)
0.50 300
£ 0.40
E U, T
) L
7 030 ° . L
§ Filter denomination < Filter denomination
& —— No filter i — Nofilter .
§ 0207 — CPT Std. (Plastic) | 2 —— CPT 8td. (Plastic)
K —— 100 (55316) g —— 100 (S8316)
5010 —— 40 (SS316) —— 40 (S8316)
© 20 (S5316) 20 (S5316)
0.00 +* T T T T T
0 50 100 150 200 100 150 200
Elapsed time [sec] Elapsed time [sec]

Figure 5.19.Complete hydraulifluid samplingtest: (a) Setup. (b) Results for different
porous filters.

5.3.3 Electrical Resistivity

5.3.3.1 Design:

The local éectrical resistivityis measuredising abuttontype electrodepair. A
small PEEK plastic screw (OD = 9.4 mm) is used for electrical insulation. The steel
module works as the ground and the central electrode in the button is the active
electrode. The buttetype electrode pair can be depéd in any module of the
penetrometer (Figure 5.20). The peripheral electronics involves an AC source (frequency

f =100 kHz) and two voltmeters (details in Cho et al., 2004).
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AC signal:

Frequency: 100 kHz R =
Amplitude: 2 V (V,,, = 4V) V. —Vy
Ry, = 4.6 kQ

100

__E Best fit:
10 - p [kQ-cm]=0.26 R [kQ]

\ Electrical isolator

Resistivity [kQ-cm]
=9

0.1 - o

0.01 T T
= 0.1 1 10 100

Resistance [kO]

Figure 5.20.Electrical resistivity module and calibration.

5.3.3.2 Calibraion:

The buttortype electrode pair iscalibrated for different values of electrical
resistivity. Figure 5.20 shows the setup and calibration results. These results allow for
the direct comparison of voltage drop ratio onto electrical resistivity, thahe

inherently account for the shape factor associated to the 3D electric field.

5.3.4 Sediment Sampling

5.3.4.1 Design:

Small tube samplersare attached to théool body to recover disturbed samples
(Figure 5.21)These samples do not satisfythe rules and guidelines proposed@mapter
2 because they are limited disturbed specimens onljhe samplersonsist of acutting
shoe, sampler tube and catcher. The cutting shoe is designed with a taper angle of 10

degrees anan internal steppo lock the ctcheragainstthe sampler. The sampler tube

93



house the recoveredsedimentkept in place bythe catcherThe tube is threaded at the
top to mount the sampler to the body of the tool. An extrusion device is designed to push
sediments out of the tube sam(léigure 5.21e).

a) b) c)

—
——
W 4
S

——

/

——

(1) Cutting shoe

i

(2) Sampler tube

60 cm

19mm

(3) Catcher
(3)

25mm

@)

(M

Figure 5.21.Sediment piston sampler. (a) Position in tool. (b) Drawings. (c)
Photographs. (d) Field test. e) Extrusion device

5.3.4.2 Field Verification:

The first test documented in Chapter 2 (Section 2.6) confirmed the good

performance of the sampler for coarse and fine grained soils.

5.4 Future Modules

5.4.1 Thermal Conductivity, Stiffness , Video and Frictional Sleeve

Thermal conductivitidiffusivity can be determineth active mode with a known

heat source (either during hieaf or after shut off) and a thermocouple that is used to
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record the temperature change in time (Farouki 1981; ASTM DB834Vebb 1956;
Rosenbaum et al. 2007; Cortes et al 2009). A passive method can be implemented as
well using the heat generated duripgpbe penetration into the sediment (the typical
increase in temperature is IgW < 1° C). The passive method has been successfully
used to characterize marine sediments (Blackwell, 1954; Herzen and Maxwell, 1959;
Hyndman et al., 1979; Pfender and Villexg2002; Ruppel 2003).

The middle-strain stiffness moduleconceived for this system is analogous to a
pressuremetelA precise volume controlled syringe pump located in the tool body can
inject small volumes while pressure is monitored (Clarke 1995).

A module with video capability has been prototyped and tested in the lab. The
approach resembles videone developments by Hryciew andworkers (Raschke and
Hryciw 1997; Hryciw et al. 1998Hryciw et al. 2003 It is based on a standard Arduino
friendly camerainstalled behind a sapphire window. Images of grains obtained in
preliminary tests using this technology are shown in Figure 5.22.

A module with interchangeable sleeves of different roughness can be readily
mounted on the system to facilitate theai@cterization of shear resistance (Frost and

DeJong 2005; DeJong and Frost 2002).
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Images

Typical

grain

Properties

Blasting sand

) From From
image sieve
P Dso 1.1mm 0.90mm

> Sphericity = 0.51
1mm Roundness = 0.55
Silica Sand
From From
image sieve
Dso 0.35mm | 0.30mm
Tmm
Sphericity = 0.56
Roundness = 0.38
Ottawa sand 230
From From
image sieve
Dso 0.80mm | 0.74mm
fmm Sphericity = 0.70
Roundness = 0.81
Mixed grains
From From
image sieve
Dso 0.90mm | 0.70mm

Sphericity = 0.65
Roundnses = 0.45

Figure 5.22. Video capability prototype test. Image analysis of typical grain compares well
with sieving analysis in coarse grains. Sphericity = area of particle projection / area of the circle

with diameter equal to the longest length of thgextion. Roundness= average radius of
curvature of surface features / radius of maximum sphere that can be inscribed.
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5.5Conclusions

Coring andsampling introducesinavoidable sampl@isturbanceeven when
pressure core technology is used (Chapter 2)ew tool is designed and built to obtain
valuable reservoir information and parametersiio.

1 The prototype currently available can measure: insertion force, temperature,
hydraulic conductivity, fluid sampling, production test, gas extraction and
electical conductivity. The device can readily accommodate modules to
determine: stiffness, thermal conductivity, and sediment video/photography.

1 The tool includes two sediment samplers to recover specimens for index
properties.

1 This tool is designed for higater pressure (u = 40 MPa) and insertion forces (F
=90 kN). Itcan be deployed ia wide rangef seafloor anaeservoirconditions,
with emphasis on hydrate bearing sediments.

1 Its modular structure is specifically selected for versatility and adaptation

1 Available modules have been calibrated for the range of typical values expected

in hydrate bearing sediments reservoirs.

=

Its field deployment is expected in 2016.
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CHAPTER

MAXI MUM RECOVERABLE GAS FROM
BEARI NG SEDI MERETSSS URDEZFATI ON)

6.1 Introduction

Natural gas hydrates are crystalline water and gampounds Sable
thermodynamic conditions are met high pressure and low temperatugstimates of
the globalaccumulationvary between 3%0" m*® and 10" m® while the technically
recoverablevolumeis on the order of3x10** m® (Sloan and Koh 2007Boswell and

Collett, 2011 Figure 6.).

10000

7] nE First observations of gas
% Bo 1000 - L ¢ o hydrate in marine environment
39 o
¢ 100 - o ® .
5 S U

9 L X
_5 2 10 | [ X ] ..
® £
Eo % o

o

> M Aconventional gas reserve|

01 T T T T
1970 1980 1990 2000 2010 2020
Year

Figure 6.1 Estimation of global gas on the state of hydrate gas. From Sloan and Koh
(2007); Boswell and Collett (2011). Noticem@ntional gas reserves are still orders of
magnitude less than the worst of hydrate gas estimations.

Gas eservoirsin hydrate bearing sedimentan be classifieas Moridis and
Collett 2003; Moridiset al.2011and Moridis and Sloan 2007):
1 Class 1:high hydrate saturation layer on top of a layer with free gas and water

(i.e. Bottom Simulating Reflector BSR).
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1 Class 2:similar to class 1 but there is no free gas beneath (only mobile water).

1 Class 3:absence of free fluids underneath (semi confined aguife

1 Class 4:low hydrate saturation (< 10%), and lack of confining stratum.
Class 1 reservoirs are most desirable because they are next to the phase boundary and a
low energy input is required for dissociation. Class 4 is least desirable because they lack
confinement and can lead to very low recovery efficiency.

Sandy depositare currently preferred because of thegh permeabilityand low

compresibility. Reservoirghatare consideretb becommercidly feasiblegi ven t odayod

state of the art are It in Table 6.1.

Table 6.1: Selected reservoirs gas volume estimation.

Location Gas estimation [m] Reference

Mallik (Canada) 310to 4 10 Moridis, 2002
Gulf of Mexico 6 10* BOEM report 2012
Mount Elbert (Alaska) 410 BOEM report 2012
Atlantic coast USA 6 10* BOEM report 2012
Pacific coast USA 2.3 10* BOEM report 2012
Ulleung Basin (Korea) 10" to 10'® Moridis, 2013
Nankai TroughJapa 5.6 10* Fujii et al 2013
Shenhirea(China) 1.6 10 Wu et al. 2010
Krisnnagodavar 9.810°t05.6 10 | Shankar and Riedel 2011

asin (India)

Note:the amount of gas in place, technically and economically recoverable is still under
discussion, and its values changeth respect to authors and computation methods
(Figure 6.1).

Methanegascan be produceftom hydrate bearing sediments @oridis et al.
2008; Santamarina and Jang, 2009; Jang and Santamaringd; @)Xepressurization
(b) thermal stimulation(c) inhibitorés injection and (d)CO,-CH,4 replacementSeveral

field tests have taken place asrsnarized in Table 6.2.
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Table 6.2: Well tests summary in chronological order

s, Meas. k Gas Affected
Name Loc. | Year | Dur. Type Form. | % 2" | produced | radius Observ. Reference
Dl | Bl Ty |
60 Formation | Hancock et al.
Mallik | Canada| 2002 1&?5.7 nggnal Sand| to t%'oooi 468 3 solids were| (2005); Moridis
' 85 ' produced | et al.(2011)
Several Boswell et al.
tests up 50 (2008) Hunter et
ML Alaska | 2007| to013 | Depress | Sand| to | Y2 | 710* | 0010 al. (2011);
Elbert to 0.17 0.15
hrs 70 Andersa et al
each (2008)
Sand
inflow Dallimore et al
2007| 15hrs | Depress 60 0.1to1l 830 ND causes (2008) '
. operational
Mallik | Canada Sand| to problems
85
6 days Yamamoto and
2008| (139 Depress ND 13000 ND .
Dallimore (2008)
hrs)
First
Nankai |- ;- an | 2013| 6days | Depress | “¥¢"| N0 | ND | 120000 | np | Offshore jwww.jogmec.go.
Trough ed production | jp
mD = 107 m*

ND = No data provided
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The analysis of gas production requires complex coupled theydro
mechanicatodessuch agMoridis et al. 2014Hong and PoolaeDarvish 2005 Moridis
et al. 2008; Walsh et al. 2009; Konno et al. 2010; Pruess 2003; CMG 2012; Nagao
2011): TOUGH + HYDRATE (Lawrence National Lab), MHHYDRES (Japan Oil
Engineering Company), CMSTARS (Computer Modelling Group, Canada), STOMP
HYD (Pacific Northwest National Laboratory). These codes involve a large number of
eguations, constitutive relations and parameters. They are complex and suffer from time
and spacaliscretization errors (Poolafliarvish 2004)Table 63 showssome of the key
parametes involved in these simulans.

Analytical solutions have been proposed to analyze local conditions (Kwon et al.
2008) thermalktimulation (Ullerich et al. 1987; Esmaeilzadehal. 2011; Klar et al.,
2013), and depressurization (Goel et al, 2001; 4l.e2001; Hong et al. 2003; Tsypkin
2000). However these analyses remain complex, require iterative solution and hide
explicit relations between governing parameters.

The pressure distributian radial flow isinversdy proportional to the logarithm
of the radial distance to the wellh@&refore there is a physical limit to thene around a
well that can experience pressul@ven dissociationThe study reported herein was
conducted to develop simple and robust set of equations to estinliamés for gas

productionfrom hydrate bearing sediments using depressurization
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Table 6.3: Summary of selected parameter used in numerical simulations

Well Dom. Hyd. Initial Well Initial Intrinsic Perm Porosit

rad. radius thick. press. press. temp. ' y Refererce

[m] [m] [m] [MPa] [MPa] [K] [m? or mD] [-]

15 12 2 0.30to | Moridis and Sloan
0.1 10000 1 5.7 2.7 278.85 | 110%to110%m 060 | (2007)
12 Moridis and

ND 567.5 15 10 ND 286.65 110 0.3 Kowalsky (2006)
0.1 45 23 13 2.93 274.2 110" 0.3 Li et al (2012)

ND ND 20,16, 108, 9, ND 285 2 10% 0.28 | Moridis et al (2002

10 10.8

0.1 41550050 200 | (Varies) 2.7 ND 1000 mD 0.3100.64 | Myshakin et al (2012
0.1 100 10 11.5 3,4and5| 287.15 110% 0.38 | Suetal (2012)

0.1 400 11.3 6.4 3 275.5 110" 0.4 Moridis et al (2011)
0.1 250 20 23 3 289 5 10%3 () 0642;0 Moridis et al (2013)
ND 120 70,100 | 13,8.713 3 287 1000 to 0.1 mD O'gff) 0.4 Kurihara et al (2009)
0.1 45 22 13.8 0.2 Po 287 7.5 10" 0.41 Li et al (2010)

0.1 250 50 $'2712 4 | 282t0287| 10to 500 mD 0.4 | Konno et al (2010)

(*) computed from model proposed by Stone (1946 (S*a)™; S*a = (Sa - Sia)/(1-Sia); ke = (S*6)"; S*c = (Ss - Sia)/(1-

SrG)

(**) estimated value

(***) varies for clay, silt and sand
(****) For the case of Class 3, 14deg C and ko = 500mD
ND = no data provided

10z



Table 63: Summary of selected parameter used in numerical simulations (cont.)
Relative permeability

(*)

Water Gas
Hydrate n S S
saturation "A G Observations Reference

-] I | | |
0.02 t0 0.1 4 0.2 0.02 Parametric studyDissoc pressure is computed by the Moridis and Sloan (2007)

software

0.7 3 0.25 0.02 | Class 1 and 2 hydrate deposit studied (I\gggcél)s and Kowalsky

0.4 357 0.25 0.05 | Simulating Qilian MountairPermafrost China Li et al (2012)

0.8, 0.5, 0.8 49 0.2 0.05 Slmglatlng dlﬁerent zones @ Mallik reserveiCanada Moridis et al (2009
vertical and horiantalwells
005t00.80 | 316 018 0.02 Sl_mulatlng Iayered sediments in Gulf of Mexico Walke Myshakin et al (2012)
Ridge 313 site
0.1,0.2and0.3| 5 0.3 0.03 | Parametric study of Shenhu Area China Su et al (2012)

0.65 4.2 0.2 0.02 | Parametric study of Mount Albert, Alaska Moridis et al (2011)
0.3t0 0.7 3.5 0.2 0.01 | Simulating layered sediments Bling Basin, Korea Moridis et al (2013)
0110096 ND ND ND \Iizgzged system of sand, silt and clay of Nankai Troug Kurihara et al (2009)

0.44 3.57 0.3 0.05 | Sea of south of China, Shenhu Li et al (2010)

0.6 k = ko (:Shy Class 1, 2 and 3 reserv®i Konno et al (2010)

(*) computed from model proposed by Stone (1976) (S*)"; S*a = (Sa - Sia)/(1-Sia); kic = (S*¢)"; S*e = (S5 - Sie)/(1-Sic)
(**) estimated value
(***) varies for clay, silt and sand
(****) For the case of Class 3, 14deg @Gdiko = 500mD
ND = no data provided
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6.2 Analytical Solution

Consideragas hydrateeservoirin a hostsediment under high water pressure and
low temperature Gas production starts @®on as thalecreasingpressurebrings the
hydrate outside stability conditions The host sedimenwill experience:permeability
changes, settlement fines migration unsaturation and gas expansiodar(g and

Santamarina, 2011).

Figure 6.2 General description of the problem. Below the seafloor, a hydrate layer is
locaed immersed in a generic host sediment. As soon as the production pipe decreases
the pressure tontwo zones can be defined. The first one from the well to the
dissociation front and beyond the dissociation front; both with different permeability
values.

Note:subindices: w = well; far = fafield; * = dissociation front

Two zones can be identified under steady state conditions when the pressure drop
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