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DISCLAIMER:

This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government
nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, rec-
ommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not nec-
essarily state or reflect those of the United States Government or any
agency thereof.



ACCOMPLISHMENTS

Context — Goals Fine grained sediments host more than 90% of tlubail gas hydrate
accumulations. Yet, hydrate formation in clayeyirsedts is least understood and characterized.

This research focuses on hydrate bearing clayeyrsads. The goals of this research are (1) to

gain a fundamental understanding of hydrate fororatnd ensuing morphology, (2) to develop
laboratory techniques to emulate “natural” formatis, (3) to assess and develop analytical
tools to predict physical properties, (4) to evdkiangineering and geological implications, and

(5) to advance gas production alternatives to recaunethane from these sediments.

Accomplished

The main accomplishments for this period include:
* Formation of CQ hydrate in fine-grained sediment with segregabpology
* Numerical solution for material properties

» Studies of production and implications

Plan - Next reporting period

Further develops in laboratory specimens, phygicaperties, and gas production. This report

centers on the well-sediment interaction duringmasluction.



Research in Progress: Well-Sediment Interaction Dung Production

Gas hydrate is found in marine sediments and withenpermafrost. Hydrate formation requires
the presence of gas and water, and a combinatitngbfpressure and low temperature condi-
tions that falls within the stability field. Highater pressures,umply deep water columns (typi-
cal water pressures are in excess of 10-to-20 MPa)the other hand, the low temperature re-
guirement combines with the natural geothermal igrado limit hydrate accumulation in shal-
low sediments beneath the seafloor; hence, hybesgng sediments are subjected to low in-situ

effective stress’,, (Figure 1a).

Gas can be recovered from hydrate bearing sedinintiepressurization, heating, chemical-
driven dissociation (by shifting the phase bounjlampd molecular exchange (e.g., £CHy).
Depressurization appears to be the most viablenalige in most cases. A pronounced decrease
in pore fluid pressurfAu, is needed to cause dissociation and to extendigiseciation front to a
considerably distance r* away from the boreholgFeé 1b). A decrease in pore fluid pressure
implies an increase in effective stréss. In fact, it follows from the previous observat®that

the change in effective streAs’ during depressurization-driven gas production lzagely ex-
ceed the initial effective stress in siily,, that iSAc’ >> o’,. Then, the following changes are
anticipated during depressurization-driven gas pectdn: large volume compaction, marked
increase in stiffness, pronounced decrease in birdreonductivity, and an increase in thermal
conductivity (albeit diminished by the decreasedewaaturation). These changes are coupled

and vary throughout the affected volume.

Sediment compaction in and around the productioizdoe challenges the engineering design of
production wells. The sediment-well interactiorai€lassical soil-structure interaction problem
in geomechanics, similar to pile foundation analymit with a few important caveats and differ-
ences. First, the axial load imposed at the tofhefwell may be null, yet, the well can be in-
tensely loaded by the negative skin friction maeitl as the sediment contracts at depth during
the depressurization of the hydrate bearing lagecond, the high increase in effective stress
near the well alters the sediment response. Inrasitpiles are loaded at the top and the sedi-

ment is intimately related to initial conditionsfoee the installation of the pile.

Careful analysis is required to anticipate the egugnces of depressurization and to properly

engineer the well installation/termination and proiibn strategy. The study documented herein



focusses on the governing variables and conditibas determine the geomechanical well-
sediment interaction, explores unanticipated emmérgeenomena, and suggests alternatives for
bottom hole termination. The study focuses on tydrdrmechanical coupled sediment-well in-
teraction problem and does not take into consiterdahe chemo-thermal effects associated to
hydrate dissociation. First, the sediment-well iatéion problem is explored using a simplified,
yet insightful analysis. Then, a comprehensivedimilement model is used to explore the fully

coupled hydro-mechanical problem to reveal thedatisequences of depressurization.

Models and Constitutive Equations

We document first new constitutive equations dgwetbto model large stress changes, the selec-

tion of boundary conditions, and the modeling & pinoduction well.

Sediment volume compactiddoft marine sediments subjected to low initial efifee stresg’,

experience pronounced volume contraction when stdijeto high effective stress chandes
during depressurization where typicallg’>>0’,. The classical Terzaghi-type void-ratio-stress
compressibility curve is modified to avoid unretdially high void ratios near the seafloor or
negative void ratios near the wall during depreagation
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The low and high stress constaotsandoy are selected such that the asymptotic low and high

asymptotic void ratios,eand ¢ are
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Sediment hydraulic conductivityarious sediment parameters change with effectivess

and/or void ratio. For the purposes of this hydmrechranical coupled study, the evolution of hy-

draulic conductivity k [cm/s] is most relevant asdnodeled as a function of void ratio e
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where I [cm/s] is the hydraulic conductivity at the refece void ratio & and the b-exponent
captures the sensitivity of hydraulic conductividychanges in void ratio. For fine grained sedi-
ments the exponent can be b=4 and larger.

Sediment-well interfaceElasto-plastic and hyperbolic models are seletbedapture the load
versus the relative shear displacement betweesdtlienent and the well. In both cases, the ul-
timate shear strength of the interface is propoaido the normal effective stress in the radial

directiono’, and the sediment-well friction angpgCoulomb model),
T, =0, tan@ (5)

The interface shear stiffnessiikcreases as the normal effective stress incred¢esapture this

response by making; proportional tort,; through a threshold sediment-wall shear displacéme

T
K, = 6
.= (6)

The bilinear elasto-plastic model is fully definegks, 8* and 1. The hyperbolic model is com-

puted as

= *—Tult (7)
+

The threshold deformation is related to the wedintigter Qe in lumped element models, e.g.,
0*=Dye/20 in part to take into account near-field seditrégformation; instead, finite element
codes use proper shear response data. \Bh&n the elasto-plastic model prediatst,; while
the hyperbolic model shows=t1,/2. Consequently, lower threshold valui¥sare selected for
the hyperbolic model in order to obtain results #ra similar to those predicted with the elasto-

plastic formulations.



Lumped Elements Model - Simplified Analysis

Equilibrium analysis results in the following difemtial equation that relates the axial force

along the well Pat depth z with the mobilized shaft resistancat depth z,

oP, dz=-mD,, 1,dz (8)
0z

In finite differences

P, —P}* =-(mD,,., A2)T, 9)

z z well

Finite Element Model — Fully Coupled 3D Analysis

All finite element simulations are fully coupleddrg-mechanical conditions, were the sediment
is represented with a Cam Clay material model waitlt compressibility described by Equation
1, and the associated hydraulic conductivity sessEquation 4. The formation is first subjected
to zero-lateral strain self-weight gravitationabdiong (normally consolidated NC condition).
Then, the medium is subjected to localized poral fliepressurization. The axi-symmetric ge-

ometry has the following boundary conditions:

» top surface: zero vertical effective stress andstaont fluid pressure

* Well: elastic shell elements

» Well-wall interface: thin surface elements withstaplastic response (Equation 5)

» Base and Far-field radial boundary: zero normalisirzero frictional resistance, and

constant fluid pressure.

Preliminary studies conducted using a poroelasaédiom showed marked effects of the far-field
lower and radial boundaries. Boundaries were gidptaced further away until all boundary

biases vanished.

Well. The well is modelled as an elastic pipe with aetbbottom at the tip. There is an internal
isolation plate that separates the production Zmma the upper part of the well. The pipe, the
bottom plate and the isolation plate are represenstng conical shell elements. Above the iso-
lation plate, the well is subjected to internal loglatic pressure,(z). Bellow the isolation plate,

the internal fluid pressure evolves with the flpigssure history that is imposed on the sediment.



The internal fluid pressure acts against all “staees”, i.e., the pipe, upper and lower faces of
the isolation plate, and the bottom plate. Thieiifaice elements are used to model the sediment-
well interface; these interface elements have astelplastic response as described in Equations
5 and 6.

Initial conditions. Gravitational initial conditions are adopted foetsimulations. Therefore, the

sediment is subjected to self-weight consolidatibie; sediment unit weight satisfies Equation 1
at all depths. We assume that the well installatioas not change the in-situ state of stress and
there is no residual shear between the well anébtineation after installation.

DepressurizationProduction by depressurizatidm is simulated by reducing the fluid pressure

in the first layer of elements next to the wellrjadhe production zone from the initial hydrostat-
ic condition y to a value g+Au. For equilibrium, the internal pressure imposatbasteel faces

inside the well is reduced by the same amdunbeneath the isolation plate; above the isolation
place, the internal hydrostatic pressure imposdd steel faces inside the well remains at the

initial values before productiony).

Numerical Model VerificationThe code was verified against analytically tragatdses, includ-

ing: self-weight consolidation under 1D conditionadial flow (perfectly rigid porous medium
of constant permeability), and well-sediment intéicn (as a loaded perfectly rigid pile founda-
tion in an elasto-plastic medium — with and withbptresistance). In all cases, solutions were in

full agreement with numerical predictions.

Numerical Results

Geometry.The simulated field case represents conditionsvaeleto various hydrate bearing
formations that could be considered for product@®00m deep water column, and 170m deep
well. A depressurization di=-6MPa is imposed along the 15m long productioeethetween
150-and-165 mbsf. Four sediments are considerethifistudy. A subset of results is presented
in this report, with emphasis on the high plasfisivft sediment.

Lumped parameter resultBigure 1 shows the axial load with depth for vasi@alues of the tip
stiffness. Positive shaft resistance is mobilizéithiw and below the production horizon, howev-

er, negative shaft resistance or down-drag takasephll along the sediment column above the



depressurization depth. The maximum load on thémway reach the elastic limit, particularly if

high tip resistance develops (e.g., strong strabetow the production horizon). The maximum

axial load varies between two extreme conditiorterd@ned either by the tip resistance/stiffness

(“bottom sink”) and the maximum shaft capacity tikah be mobilized in the overlying sedi-

ments (“shaft failure”).

Axial Load Along the Well [kN]
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Finite element resultsThe coupled hydro-mechanical response leadsnitesiaxial load distri-

butions for similar conditions. However, the fullgupled formulation reveals pore pressure and

deformation fields quite distinct from those hypegized for the simpler analyses. In particular

(see figures):

The sediment does experience very high volumewittraction as anticipated (Table 1).

However, most of the volumetric deformation tak&xce in the radial direction. Hence, the



vertical settlement in the production horizon isaader of magnitude smaller than expected

from simplified analyses.

The vertical settlement is sufficient to mobilize tshaft resistance along the production well,

hence there is clear similarity between the loatritution obtained with the lumped param-

eter formulation and results produced by the caliplglro-mechanical finite element model.

* The intense modification the sediment experiencesral the well in the production horizon
shields the potential effects of tip conditions.nee, more complex well termination condi-
tions, such us compressible/telescopic tips appaistified at this point. The engineering of

well termination requires further analyses.
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Discussion - Implications

Early tensile stress in the well above the productiorizon.The formation of a localized com-
pression bulb around the well in the productionzwr during early production stages (i.e., dur-

ing pressure diffusion and before steady stateagggpmay trigger soil arching in the upper lay-



ers and cause tension in the production well. Tendoes not appear to be sufficient to cause the

tensile failure of a continuous well, but may cajeet/connector slippage.

Highly compressed zone around the wElie pronounced increase in effective stress adsdcia
with the high depressurization required for gasdpotion has pronounced implications on the
engineering of production systems and the extemasfproduction. The coupled processes in-
clude: depressurizatio® increased effective stress sediment compactio® reduced hydrau-

lic conductivity=>» altered pressure field.

Reduced production zon€he combination of these couplings with radialflconditions result
in a fast recovery of the pressure field and aceduadial distance to the end of the production

zone, i.e., where the pressure recovers to vahsgdd stability conditions.

Preliminary Conclusions

This study explored the geomechanical implicatiohdepressurization, with emphasis on well-
formation interaction. The analysis is particulgortinent to gas production from hydrate bear-
ing sediments (however, hydrate dissociation ismotlelled and emphasis is placed on steady

state conditions). Results show:

» High compressive forces develop in the well. Thakpe typically found within the pro-
duction horizon. These forces may cause yield agltlaollapse. Lower and upper bound
estimates can be readily computed.

» A transient tension force may develop in the wbthge the production horizon.

» Adequate constitutive models are needed to cagtuiteompaction and the evolution of
hydraulic conductivity during compaction.

* Hydraulic conductivity can decrease very dramditycaéar the well. This has profound
implications to the development of the pressurktl fieffective stresses and compaction
away from the well.

» In particular, the higher the sensitivity of hydiawconductivity to compaction, the nar-
rower the production zone becomes. Results shomr@opnced decrease in the produc-

tion zone even in sandy deposits.



MILESTONE LOG

Planed

Actual

D

Milestone completion | completion Verification Comments
method
date date
Completed first phase.
Literature review 5/2013 5/2013 Report | Will continue throughout
the project
Preliminary laboratory proto- Report (with
col y yp 8/2013 8/2013 | preliminary val-| this and previous reports
idation data)
: Report (with . .
Cells for Micro-CT 8/2013 8/2013 first images) this and previous reportg
Combleted Given the complexity of
Compilation of CT images: P hydrate formation in
. Additional Reports . . I
segregated hydrate in clayey| 8/2014 . o clays, this task continueg
) tests in (with images) "
sediments to explore additional
progress "
conditions
Completed.
Preliminary experimental Additional Report (with
) ; 12/2014 . .
studies on gas production tests in images)
progress
. . Report (with
Analytl_caI/ numerlcal stud_y of 5/2015 In progress analytical and
2-media physical properties )
numerical data)
Experlmental studies on gas 12/2015 Report (with
production data)
Early numerlce_ll results related 5/2016 In progress This report
to gas production
Comprehensive results (in- 9/2016 Comprehensive

cludes Implications)

Report

PRODUCTS
* Publications:
In progress

* Presentations:

In progress

* Website: Publications and key presentations are includettip://pmrl.ce.gatech.edu/

(for academic purposes only)

» Technologies or techniquesX-ray tomographer and X-ray transparent pressuseele

* Inventions, patent applications, and/or licensedNone at this point.

» Other products: None at this point.



PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
Research TeanThe current team is shown next. We anticipatéuding external collaborators

as the project advances
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Pl: J. Carlos
Santamarina

Admin. support:
Rebecca Colter

PhD #1 PhD #2 URA - Summer
Liang Lei Seth Mallett A. Garcia

IMPACT
While it is still too early to assess impact, wen cdready highlight preliminary success of
exploring hydrate lenses morphology in real systearsd analogue studies using a high

resolution tomographer.

CHANGES/PROBLEMS:

None at this point.

SPECIAL REPORTING REQUIREMENTS:
We are progressing towards all goals for this mtoje

BUDGETARY INFORMATION:
As of the end of this research period, expenditaressummarized in the following table.
Note: in our academic cycle, higher expenditurgescslly take place during the summer quarter.



Budget Period 1

Budget Period 2

Ql Q2 Q3 Q4 Ql Q2 Q3 Q4 Ql
Baseline Reporting Quarter
DE-FE009897 10/1/12 - 12/31/12 1/1/13- 3/31/13 4/1/13 - 6/30/13 7/1/13-9/30/13 10/1/13- 12/31/13 1/1/14-3/31/14 4/1/14 - 6/30/14 7/1/14-9/30/14 10/1/14- 12/31/14
Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative
a Total @ Total @ Total o Total at Total @ Total @ Total o Total at Total
Baseline Cost Plan
Federal Share 36,664 36,664 36,664 73,327 36,664 109,991 36,664 146,654 38,578 185,232 38,578 223,811 38,578 262,389 38,578 300,967, 40,059) 341,026
Non-Federal Share 10,922 10,922, 10,922 21,844 10,922 32,765 10,922 43,687 11,250 54,937 11,250 66,186 11,250 77,436} 11,250 88,685 11,587 100,272,
Total Planned 47,585 47,585 47,585 95,171 47,585 142,756 47,585 190,341 49,828| 240,169 49,828| 289,997 49,828| 339,824 49,828| 389,652 51,647 441,299
Actual Incurred Cost
Federal Share 0| 0] 16,173 16,173 20,191 36,364 66,556 102,920 22,923 125,843 16,448 142,290 89,396 231,686 43,595 275,281 57,809 333,090
Non-Federal Share 0] 0| 52,426 52,426 13,106 65,532 ) 65,532 28,443 93,975 28,443 122,418] -45,818) 76,600 -1,866| 74,735 25,961 100,696,
Total Incurred Costs 68,600 68,600 33,297 101,897 66,556 168,453| 51,366 219,818] 44,891 264,709 43,578| 308,287 41,729 350,016 83,770 433,786
Variance
Federal Share -36,664 -36,664] -20,490) -57,154] -16,473] -73,626) 29,893 -43,734) -15,656) -59,389) -22,131 -81,520) 50,818 -30,702 5,017 -25,686) 17,749 -7,936
Non-Federal Share -10,922 -10,922| 41,505 30,583 2,184 32,767, -10,922| 21,845 17,194 39,039 17,194 56,232 -57,068 -835 -13,115] -13,950] 14,374 424
Total Variance -47,585 -47,585 21,015 -26,571 -14,289 -40,859 18,971 -21,888 1,538 -20,351] -4,937 -25,288 -6,250 -31,537 -8,098 -39,636 32,123 -7,512
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