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ABSTRACT

CHEMICAL ALTERATION OF OIL WELL CEMENT  WITH BASALT
ADDITIVE DURING CARBON STORAGE APPLICATION

Mokhtari Jadid Kahila
M.Sc., Department of Petroleum and Natural Gas Engineering

Supervisor: Prof. Dr. Ender Okandan

DecembeR011, 96 pages

Capturing and storing carbon dioxide (§@nderground for thousands of years is
one way to reduce atmospheric greenhouse gases, often associated with global
warming. Leakage of CCthrough wells is one of the major concerns when storing
CO; in depleted oil and gas reservoi®O.-injection candidatesould benew wells,

or old wells that are active, closed or abandoned.

To prevent the leakage, the possible leakage paths and thamsach triggering
these paths must be examined and identified. It is known that the leakage paths can

occurdue to CG-rock interaction and COwvatercement interaction.

Interaction between well cement and carbon dioxide has attracted much renewed
interestbecause of its implication in geological storage of carbmxide. The
diffusion of CO,-water through well cement is a lotgrm phenomenon whictan

take many thousand/ears. Partialpressure, porosifypermeability cement type,
moisture content and temperature are the factors that affect the carbonatielh of

cement. The objective of this research isntestigatethe chemical reactions of the

\Y;



dissolved CQ in the synthetic formation water with th@ugs of well cement.
Cementspecimengsvere left in contact witlCO, saturated brine at 1100 psi and 65
eC fomonhhee The 1100 psi p raeesthe poiness and
where CQ is in the state of COsaturatedbrine. The four cement plugs studied
differed in their basalt content fron?4) 6%, 9%, and 1% by whole mix weight.

The effects of basalt content studied arkange in porosity, permeability and
compressivestrength. Thescanningelectron microscopeimages were obtained to
observe the depth @enetration of C@brine solutioninto cement plugs after three
months of contact The results indicate that presence of basalt increased the
compressive strength of plugs and decreased porosity pandeability. Asa
conclusion the use of basalt as anitel to well cement can be beneficial in €O

storage wells.

Keywords: CO, storageCO, saturated brinegZO,-watercementinteraction basalt
SEM.
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KARBON DEPOLAMA UYGULAMALARINDABAZALT KATKILI KUYU
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CHAPTER 1

INTRODUCTION

In the 1980s the consensus position formed in UN conferences on climate change

that human activity was causingrbon dioxide levels to increase which is leading to

the beginning of the modern period global warming Climate changeis
considerable and continuschange in the statistical distribution of weather patterns

over time periods from decades to millionsyafars. Changen humidity, glacier

melting, sea levekise increase irheat content obcean,increasetlemperature over

land and over oceans are thmain indicators of climate chang®ne of themain

causes of global warmirig human activitieanainly due tdurningof fossil fuels.In

addition to thesaaturaleventsalsoeffectther i se of E atempdraduse; av er ¢

these eventarevolcanicactiviiesandvariationsinEar t hés or bi t

The main source of C{emissions come from use of fossil fuels in transportation,
industrialplants refineriesand thermal power plasitEmission from transportation

can be reduced lghanging thalesign of motors and also by changing the quality of
fuels. The emissions resulting from industrial activities can be reduced by increasing
efficiency; producing the products with less fuel. Howeegen after all these
activities, there will be C®emitted to theatmosphere. The ultimate elimination of
CO, emission will be possible by storing @Onderground in geological formatien

where it will betrapped for millions of years.

Fig 1.1shows thdossil and Industrial C@emissions as Gigatons of g@@er year in
different countries from 1990 ®095. Africa,Middle EasfLatin America, Southeast
Asia, India and China are the countrigbere increas®f CO, emissionswill be
higheruntil 2095year. Thechart consist®f two parts; Annex | and NeAnnex I.

Annex | part shows the developerbuntries CO, emissionswhile NonAnnex |

1
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shows the C@emissions irdevelopingcountries Approximately90% of the growth
in global emissions in the remainder of this century is projected to occur in

devel opiAngnexi Noon) countri es.

80

70

Latin America
Southeast Asia
India

o Non-Annex | Emissions Equal

with Annex | Emissions
50

Non-Annex |

40

Soviet Union
Eastern

30 Europe

Australia/

20
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0" }
1990 2005 2020 2035 2050 2065 2080 2095

Fig 1.1 Cumulative world carbon dioxide emissions(1)

1.1Carbon Capture and Storage

Large amount of emission of CQto the atmosphere due to human activities and
natural eventsaused many concerns regarding climate chasgearbon capture
and storage, represents one possible approach for stabilizing greenhoGse lgas
capture andtorage as thenameimplies consist of three stages which @agpture,
transport and longerm storage of carbonlioxide in undergroundgeological
formation such as deepsaline aquifers oil and gas fields, basalt formatioasd

unmineablecoal seams

First of all, @arbon capture and storage stavith carbon capture which is capturing
CO, from emission of thermadower stations, industriaites. Capturingrocess can
be dne by three different technologies post combustion, pre combustion and
oxyfuel. Secondly CG; is transported by pipeline® the suitable underground
storage sites and finallgO; is injected andstored in undergrounstructures. The
main priority of carbon dioxide storage i® have a reliable, safe arldng-term
storage capacity of the formation where it is stored.

2
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1.2 Geological storage of CQ

CO, emitted by large sources like industriguptsandthermalpower plants could be
captured and sted in depleted oil and gas fields, coal seams and deep saline
reservoirs.The IEA Greenhouse Gas R&D prograeports theestimated global
potential for CQ storagen geological reservoir&)

Table 1.1 Global potential estimation for CO, storage(2)

. Global Capacity
Geological Storage

) Giga tons ofCO, As a proportion of tota
Option emissions
2000 to 2050

Depleted oil and gas

0,
fields 920 45%
Unminable coal seam >15 >1%
Deep saline reservoir 400-10,000 20-500%

The comparisons ithe table above show that geological storageild have an
essential impact on G@missions. In the early 199Qheestimation for deep saline
reservoirs were madehich in NorthwestEurope the storage capacity could be as
high as 800 (@a tonsCO,.(2). There are74 largescale integrated CCS projects
around the world14 projects are either in operation or construction and have a total
CO2 storage capacityf @ver 33 million tons a year. Figl.2 indicates 74 CCS

projects across the world in 20(3).



1

20 -

Number of projects

—
| “ ) i -.---------------
1

Identify Evaluate Define Execute Operate Total

I United States 1 B 9 3 4 25
I Eturope 1 9 ] 4] 2 21
Ausiralia and Mew Zealand 1 5 0 1 0 7

Il Canada 0 2 4 2 1 9
China 4 2 0 ] 0 6

Il Middle East 0 1 2 ] 0 3
Other Asia 1 1 0 ] 0 2

W Adrica 0 0 0 0 1 1
Total 8 28 24 6 8 74

Fig 1.274 CCS projects across the world in 201@)

The four main storage sites range from aquifenseath quite deep gas fiela@sg(In
Salah in Algeria, Snohvit in Norway) to the much shallower Utsira aquéey. (
Sleipner in Norway) and the on land shallosaltwaterfilled, porous rocks
formations (e.g. Ketzin Germany). Other sites include an erdeah oil recovery
project (Weyburn in Canada), an old gas field (82 The Netherlands) and an

enhanced coalbed methane projeay.(Kaniow in Poland.

1.2.1 Source examples fronCO, storage sites
In Salahi Algeria

In Salah, an industriedcale CCS project in Algeria has been in operation since 2004.
More than three milliortons of CO,, separted during gas production, have been
securely stored in a deep saliagquifer BP, Sonatrach and Statoil, the project
operators, aim to store a total of 17 millitmmsover the next 2@ears.Theln Salah
project is of global significance; providing assoce that secure industrstale
geological storage of (®is a viable option for climate change mitigation. The

project is supported by the US Department of Energy and the EU. The Carbon
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Sequestration Leadership Forum has identified In Salah as one mibtt important
industriatscale CCS initiatives globally helping to counter the view that the

technology is not yet proved)

Sleipner- Norway

Sleipner site operator &tatoil Hydroand CQ storage operation started in 1996e

project started under the auspices of thdéinBaAquifer CQ Storage (SACS)
research and development project. The operator found that it is easier as well as more
economical to separate the £@ to 9.5 % in content) from the natural gas and re
inject it instead of paying a GQax. The removed CQOss injected into salt water
containing sand layer, called the Utsira formation, which lies 1000 meter below sea
bottom Sleipnesite isthe large scale demonstion of storage with more than 7
million tonsof CO;, in situduring 2008(4)

Ketzin - Germany

Under the management of the GFZ in cooperation with 18 partners from nine
countries, the injectio and storage of GOn deep, saltwatefilled, porous rockss
studied on an onshore site in Europteis accepted as a test site where extensive
monitoring, geochemical and geophysical researctcaneucted.The project aims

to store up to 60,000 tons of €M a saline aquifer at a depth of more than 600

An injection well and two observation wells have been successfully drilled to depths
of 800 m. The project involves intensive monitoring of the injected, Q€ing a

broad range of geophysical and geochemical tecksidy

Weyburn- Canada

The Weyburn oil fieldoperatoris EnCanaCorporationandlies on the northwestern
rim of the Williston Basin, 16 km south east of WeybutnCanadian oil and gas
corporationin 1998announced to implement a large scale EOR project in an oilfield
near Weyburn, Saskatchewan, using,@aptured from a coal gasification power
plant This provided a chance to demonstrate and study a-$aade geological
storage projectThe oilfield startedoperation inLl954;there are about 650 production
and water injection wells in operation. Averaggly crude oil production is about
5
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18,200 barrels. The field is in production decline, in order to keep the field viable
COQO; injection began in 2000. Now, the commercial oil recovery project is also a

demonstration project for GQ@torage in an oilfield4)
K12-B - The Netherlands

The K12B gas fieldoperator is Gaz de France asdocatedin the Dutch sector of
the North SeaK12-B is the first site in the world where G@ being injected into
the same reservoir from whichwtas, togethewith methane, producednvestigated
is the feasibility of CQ injection and storage in depleted uratl gas field and the
corresponding monitoring and verificatidiince 1987 it has been producing natural
gas with a relatively high CQOcontent. Priorto transport to shorethe CQ is
separated from the naturgds. Untilrecently the C@wasventedand in 2004 CGO,
wasinjected into the gaBeld, ata depth of approximately 4000. In January 209,
the CQ injectionwasongoing and since 2004 a total of,@00tonsof CO, has been
injected in the nearly depletegas fieldK12-B. (4)

Kaniow - Poland

The Kaniowfield operator iSCMI, a pilot site for CQ storage in coal seams. This
site consisted of one injection and one production ieetdm August 2004 to June
2005 about 760 ton of C®has been injected into the reservoir. A follaw EC
project aimedat determining the storage performance of the resernve. whether

the injected C@was adsorbed onto the coal or whether it was still present as free gas

in the pore spacg@l)

The storage of COin geologic formations requires a thorough evaluation of

potential leakage thrgh wellbores which penetrate them.

During this study @hree month experimemtascarried out to determine the effect of
COsaturated brine exposure on well bore
temperature. Class G cement which is an ordiveg§t cement, basalt, synthetic
formation water and CFR (additive) mixed based on API classification and used for

the experimerst Four cement plugaith different basalt contestvereprepared and
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then expoed to dissolved C@saturated brineThe chemical redimns occurring
from the analysis of water samples and SEM analysis intrgpretedtheir effects

on compressive strength of plugs were studied.



CHAPTER 2

LITERATURE S URVEY

In three decadeshe laboratory studies have shown flmater a long termthe pure

well cement (Portland cement based) could not maintain the zonal isolation

Onan (198% investigated the supercritical Ghfluence on cement and also the
carbonation effect on the hydration process of cement. He concladestdr a long

term exposure to the supercritical £&he products which are formed by the
Portland cement hydration shows decomposition into calcium carbonate and
siliceous residue.Well cementsthat are in the exposure of a supercritical 0

lower pressure and temperature condition demonstrated greater reactivity while
increasing the pressure of g@creased the reaction rate with no regard to the

carbonation condition)

Barlet Gouedard et al. (2006 and 2009), carriegt an experiment regarding
geochemical alteration of Portland cement due to exposure to thea@i@ated brine

and supercritical C® Two materialsprocessed conventional Portland cement and
Schlumberger Cérxesistant Cement (SCRC) .SCRGntains CQinert particlesand

shows better Cgesistance than conventional Portland cement. In the Portland
cement under 90 eC and 280 bars after
saturated brine and supercritical £6palling clearly has been observed. Intcast,

the SCRC cement presents a homogenous pattern with a limited carbonation
threshold(6)

Barbara G.Kutchko (2007)conductedexperiment toassessthe well cements
durability; the experiments showed a considerable vanatioinitial degradation (9

days of exposure) based on the curing conditions. The high pressure (30.0 Mpa) and
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temperature (50 ¢€eC) curing environment
caused a change in the distribution and microstructure of the Cgi@tdg within

the cement. Cement cured at 22 eC and O0.
MPa exhibited a shallower depth of degradation and displayeeliadefined

carbonated zone as compared to cement cured under ambient condition. This is due

to smaller, more evenly distributed ¢@H) , crystals that provide a uniform and

effective barrier to Cattackat 50 eC and 30. 3 MPa provec

carbonic acid attack than ceménj.

Barbara G.Kutchk@§2008), observed two different chemical alterations. Alteration of

cement exposed to supercritical £fasthe same as the cement in contact with the
atmospheric C@which is an ordinary carbonation, whireodification of cement

exposed to C®saturated bne wasa typical attack of acid into cement. For 1 year,

the extrapolation of hydrated cement alteration rate measured which demonstrates a
range of penetration deathr afed. ®0i MNe Oa ®¢
mm for supercritical C@after 30 years. The valuggenetration depthare consistent

with field sample observations from an enhance oil recovery site under same
pressure and temperature conditions after 30 years of exposure,tea@ated

brine(8)

Barbara G.Kutchko (208), carried out experiment to determine the mechanism and
rate of reaction of pozzolaemended class H Portland cement which exposed o CO
saturated brine and supstical one. Types F fly ash, th@zzolanadditive usedn
cementblends The pozzolan cement blendsatios 0f35:65and65:35wereexposed

to CQ.. The rate of penetration in 65:35 mix is much faster than the 35:65 blend and
the extrapolation of this rate for 35:65 showed a depth of penetration -d807&m

for both CQ supercritical and C@Osaturatedorine. Inspite of modification in both
pozzolan systems, the cement which reacted became impermeable to fluid flow after
it is exposed to C@saturated briné9)

Ashok Santra (2009), performeexperiment regarding the role of pozzolanic
supplements such as fly ash and silica fume in Portland cement blends. For several

weeks, cement specimekept under water at 2000 psi GQ@ressure and 200F.



The outcomes exhibit that the carbonation dehting 15 days at a given pressure

and temperature is directly proportional to amount of pozzolanic matgr@gls.

J.W. Carey (2009)proposeghree hypotheses fahe CO, carbonation1-migration
along wellbore interfaces; #ow through cement and 8iffusion from CQ bearing
caprock. The numerical model indicates that supercriticaj @D not flow through

good quality cement due to capillary propertiecement. Inthis case, leakage of
CO, is confined to wellbore interfaseand carbonation of cement occurs by diffusion
of CO; into the cement from thenterface. Inaddition, carbonation by diffusion
creates reaction fronts that are distinct from the uniform carbonation pattern
generated by flow of C&xhrough cemen{11)

N. GaurinaMedimurec (2010), presented the flow pathwtysughouthe well, the
behavior of CQ at reservoir condition, and geochemical alteration of well cement
because of injection of supercritical @@he chemicainteractions between oil well
cement and injected GQould result in leakage due to degradation of cement. In
CO, sequestration site, the most important issue in the well systems is the -cement
formation interfaces and cashogment integrity. He concludeithat for reducing
porosity/permeability and also reducing the Ca (QH)s well as changing the
composition of ES-H to more CQ- resistive, it is better to lower the amount of
Portland cement by adding pozzolanic and reactive supplementary mgie)als.

Koji, Takase (2010)presented that non Portland cements alone might not be useful
and sufficient for well bore integrity for long term and as a solution, optimization of
mechanical properties with ndtortland cement for well bore integrity are
recommended for CC®ells. By carrying outwell cement integrity and temperature
analysis, the cement sheatéi® designed by well construction team to withstand
operations of well for the life of wellboré&3)

R. Felicetti (200} ascertainedhe feasibility of randomly distributed basalt fiber
reinforcement to improve the fracture toughness of oil well cement slurries. Nine
types of slurries reinforced with fibers of different lengths and contents were tested
for rheological and mechanical performance. Tesult showed that an appropriate
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choice of fiber volume and length can noticeably increase fracture toughness of

cement matrix, without appreciabl(® i mpai I

SigurdurReynir Gislason(2009) describedhe kinetic and thermodynamic basis for
mineral storage of COin basaltic rock and also the optimization of this storage.
Dissolution of carbordioxide intoaqueous phasis facilitated the mineral storage

and the amount of water needed the dissolutiordecreases with decreased salinity,
temperature and increased pressure. The rate of release of cations from silicate
minerals and glasses is the factor which restricting the mineral fixation rate of carbon
in silicate rocks. Basalts andltramafic rocks, in glassy state, which have high
concentration of cations, fast dissolution rate and abundance at surface, are most
favorable rock kinds for mineral sequestration of,J@e CarbFix project optimize

and develop technology for in situ mraézation of carbon into basalts. CarbFix
consists of laboratory experiments, natural analogue studies, injection,efa@€)

into basaltic rocks and geochemical modeling. The injection sgiuiatedabout 3

km south of the Hellisheidi geothermal paowgant in south west oficeland. In
basaltic rocks the surface area and large reservoir volume within relatively rapid
CO,-waterrock reactions may permit for permanent and safe geologic storage of
carbon dioxidg15)
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CHAPTER 3

THEORY

CO; injected into geologic formations for underground storagjé dissolveinto
formation water andorm carbonic acid at different pldvels dependingn salinity
of formation waterThe concentration of carbonic agrdthe formations critical for
cementingCO, storagewells. The cement udan well cementing job should have
long-term mechanical regincy against the carbonic acid. Usfeproper cement mix

might be sufficient for long term wellbore integrity.

3.1 Well cementing

Cementing is theprocess, which consistsf mixing water, cemenslurry and
additives pumpinglown through casingnto the annulis between the wall of the
well and casingTwo main functions of this process are to confine fluid movements
between formatiosm andto support thecasing.There are two important cementing
activities liner cementingor cementing the casing, whicls called primary
cenenting and itis one of the mostimportant operationsn oil and gas well
development. Squeeze cementing and ptegnentingare the other cementing
operations denoted as secondary or remedial cementing. Cals@obntributesto
the protection otasing corrosion and ideepdrilling operation in the protection of
casing fromloads. Materials of well cementiraye different fromPortland cement
usedin civil engineeringconstructios. For oil well cementing the widely used ones
arePortlandtype cements. Theil well cements, which can hesed both in offshore
platforms and onshore fieldare subjected to wide rangeof temperatures and

pressuresAmerican Petroleum Institute (API) provides eight classe®iboivell
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cements based afepths In section 3.4 the types and grades of oil well cement are

mentioned16)
3.2 Well integrity

The loss of vell integrity has beenidentified as the biggestrisk helping to CQ
leakage from underground storages. Wellbores represent the most likely route for
leakage of C@from geologic carbon storage. Abandoned wells are typically sealed
with cemen plugs intended to block vertical migration of fluids. In addition, active
wells are usually lined with steel casing, with cement filling the outer annulus in

order to prevent leakage between the casing and formation rock.

There are several leakage patligahichcan take placalong abandoned wells

and/orcasedholes as shown in belokigure 3.1.

Well Casing
Cement Fill N

Formation  \
Rock

Fig 3.1An abandoned well leakaggathways (12)

The leakage pathways can between the cement and outside of the caébag

between the inside of the casing and cemefdb)through the cement plug
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(3c)through the corrosion of the cas{8d) through cement fractures in the
annulug3e) andleakage can be between cement and formation in the region of
annular(3f).For identifyinghow the cement is effective against the fluid leakage, the
determination of the integrity and permeability of the cemeabendonedvell and

in annulus are requiredin long term CQ@storageat reservoir condition the cement

with low permeability is morsufficient(12)

3.3 Portland cement properties and categories

Portland cement is fine powdebtainedfrom grinding clinker Portland cement and
fewer amountf caldum sulfate and up to 5% min@onstituent(fly ash. silica
fume). Calcium silica, aumina, iron arethe primary components of wamaterials

for Portland cementThe raw materials are mixture of argillaceo(edumina and
silica) materiallike shale, clayblast furnace slag and fly ashdlimestone Portland
cementis used inproduction ofconcrete, which is a composite mater@ntains
aggregate (gravel and sandgmentandwater. Concrete ag construction material
canbeformedin any shape and when hardened can be a struatatatial. Portland
cement can basedin mortars also @nd and water only) for screeds, plasters and in
grouts(17)

3.3.1Portland cement composition

Clinker: Main constitute of Portlangdement, whichconsist of Alite phase, Belite

phase, Aluminate phase and ferrite phase

Alite phase= C3S = 3Ca0.Si@

Alite constitutes approximately 55 to 60% of the clinker phase in Portland cement
which is the majorcompoundjt reactswith water and early in the hydration process

release a significant amount of héhf)

Belite phase= C,S = 2Ca0.SiQ

Belite constitutesabou20 to 25%of the clinker phaseements andith watershows
much slower reactionompared talite. The heat released is 25% of heat released in

CsS reaction.
14



Aluminate phase C;A = 3Ca0.A}O3

Aluminate constitutes nearly-#2% of clinker androm an engineering viewpoint
presence of aluminates famorablesince it leads todurability problemssuch as
sulphateattack C3A act as flux tadecreasenergyrequirements. Ihas rapid reaction

with water andy adding gypsunreactioncan becontrolled(17)
Ferrite phase C,AF = 4Ca0.A}Os.Fe0s

This phase constituteés to 10% of clinker composition, Irolike CsA but not as

reactive.

Ferrite similar to aluminate acts fluxesto reduce energy requirements aidce
both hydration products make cement more vulnerable to duragibtyems,they

areundesirablePortlandcements standards are mentioned in appendx/i.
Cement, water reaction:
CsS + WaterCalcium Silicate Hydrate (G-H)

Y (Contributing to thestrengthof cemeny

C,S + WaterCalcium Hydroxide (CH)
(Cause durahtly problem with elapse of time)

Reactant Products:

Calcium Silicate Hydrate (S&-H):

Approximate Formula: €,H3

C-S-H is known as Tobermorite gel and has strong shape like Xonahtk main

cementitious compound.

Exact formula varies depending upon composition, age, hydration temperature,

presence of other materials like fly ash, slag(¥1g.

Calcium Hydroxide (CH):

Platy like material which transiticzone has a gh CH content thus very porous.

15



Hydration of the Calcium silicates:
CsS2 GS + 3SHS H 3CH Y C

C,S2 GS + sSH4 H CH Y C
3.4 Oil well cement properties and categories

In petroleumindustry, oil well cementsareselected accordintp the API(American
Petroleum Institute) specificatiorBecauseahe conditions to which Portland cement

iIs exposed in wells can vary basically from those experienced in construction
applications.API provides eigt classes of oil well cements whielie designated

from class A through H. T@seeight classes are arranged based on depths that they
are placed and the pressures and temperatures to which they are exposed. API classes
A, B and C corresponds to ASTM types I, Il and Ill; ASTM types IV and V have no
corresponding API class€g6)

3.4.1 Characteristics and Manufacturing process of oil well cements

One of the main characteristics of the oil well cement is that it is resistant to high
pressue and also the higtemperature. Ircertain fields,oil wells are subjected to
pressureof 20,000 psi andb00FF.The rawmaterials which areecessary for the

production of oil well cement consist lainestonejron ore andcoke.(16)
3.4.20il well cement grades and types

HSR (High Sulfate Resistant), MSR (Moderate Sulfate Resistant) gi@rdihary
type) arethe threegrades of oil wellcements, whictamong these the ,@rdinary

typeis most commonly use(L.6)

Class A:

Applicable for use fromsurface toa depth of 6,000 ft (1830 mand special
properties are not requirett is available only in ordinary type (O). (Similar to
ASTM C15Q typel).
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Class B:

Applicable for use fronsurfaceto a depth of 6,000 ft (1830 m) wheonditiors
requiremoderate to high sulfatesistanceBoth moderate and high sulfate resistance

typesareavailable (Similarto ASTM C15Q typell).
Class C:

Applicable for use from surfac® a depth of 6,000 ft (1830 m) whéigh early
strength conditions are required. Ordinary type and moderate and highulfate
resistam types are available. High early strength andrapid hardeningare
characteristics of classWhich allows to be used at higher water levetsnpared to
G, H classes. ClasS cement is finewhen comparetb other classes of cement and
this class of cement has surface areabout400- 500 m?/kg.

Class D:

Applicable for use fron%,000 to D,00Gt (1830 m to 3050 m) and alsan be used
at moderatelyhigh temperatures argressuresClass D cement is avalble in both
HSR and MSR gradeand this type of cement has good pumbability.

Class E:

Applicable for use from10,000 to 14,000 ft (3050 m to 4270m) depth under
conditions of high temperatures aptessures. Iiboth moderate antigh sulfate
resistancdypesare available A retardermust beadded in the [pant by the cement

manufacturer to adjust its thickening time.
Class F:

Applicable for use froml0,000 to 16,000 ft (3050 m to 4880 m) depth under
conditions of extremely high temperatures gmdssuresBoth moderate and high
sulfateresistanttypesare available A retarderis added in the plant by the cement

manufacturer to adjust its thickening time.
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Class G:

Applicable for useas a basic cement from surface to a depth of 8,000 ft (2438 m) as
manufatured. It can be used at a wide range of depths and temperatures with
accelerators antketarders. ltis specified that nadditive except calcium sulfate or
water, or both shall be interground or blended with the clinker during the
manufacture of class Gement.ClassG is available irHSR and MSR gradesnd

compatiblewith most of additives.
Class H:

Applicable for use as a basic ceméoim surface to depth of 8,000 f2438 m) as
manufactured. Thi€ement can be used with accelerators and retardexsaade
range of depths and temperaturlisis specified that no addition except calcium
sulfate orwater, orboth, shallbe interground or blended with the clinker during the
manufacture of class Eement.Only in moderate sulfate resistant tyjgeavailable.

This type of cement Identical to class G but intended for higher desisityies.
Typical composition and properties of API classes of Portland cement are indicated
in table 3.10ther application and types of oil well cement are given in appendix
B.(16)

Table 3.1Typical compositionof API classes oPortland cement(16)

Compounds Fineness
API Classes (Percentage) (surface area)

(sq cm/g)

CsS C,S CsA C/AF

53 24 8 8 1,600 to 1,800
B 47 32 5 12 1,600 to 1,800
C 58 16 8 8 1,800 to 2,200
D&E 26 54 2 12 1,200 to 1,500
G&H 50 30 5 12 1,600 to 1,800
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3.5 CementCO,-brine interaction in wellbore environment

Injecting carbon dioxide into the geological formatadfectsthe brine chemistry and
increase the system chemicactivity. Understanding of carbon dioxide interaction
with cement and formation watéas huge impact on the successes ofstitage.
Injected CQ goes upwardvith favorablevertical permeabilityand with buoyancy
effects, after few years of injection @@athers under the overlying cap roakd
then dissolve in formation water of capck, move upward verticallinto cap rock.

Thecaprock formationwateris acidized whenCO,is dissolved in it.

Another route of carbon dioxide migration is through well cemirteractionof
carbon dioxide andwell cement has attracted interest since its implication in
COsstorage Migration of CQ throughcement is a slow process and result in narrow
carbonation @anesover a period 080 years. Actually, from reservoir into the cement
there is no flow nevertheless, diffusion permits some, C&ueous form) to
penetrate througltement. Carbonationf cementin the presence of COs well
documentedn literature. There is a discussion regarding whether or not the cement
sheath(cement sheath is the cement which meet long term requirements imposed by
the operational regime of the wetlarbonation in wells are detrimental effective
zonalisolation. The primary purpose ofcementing job is to provide effectiwonal
isolationfor the life of the well therefore oil and gas can be produced economically
and safely When cementis exposedo CO,and water mixturechemicalreactions
occur and mechanical properties degrad®ate of carbonation depends on some
factors such asnoisture content, cememype, porosity, permeability temperature

and CQ partial pressur€ll)
3.6 Solubility of carbon dioxide in water

Carbon dioxide issolublein water, in whichthere is aninterconverion between
carbon dioxide andarbonic aa spontaneouslyFor carbon dioxide solubility in
water, a chart has been provided as a function of pressure and temperature which
allows to a more precise determination of solubility of,@®Owaterand is given in
Fig 3.2. Temperatureand pressure affedhe solubility of CQ in water When

temperature increasdbge solubility of CO, decreasg Increasen temperatureesults
19


http://en.wikipedia.org/wiki/Soluble
http://en.wikipedia.org/wiki/Carbonic_acid

in anincreasein kinetic energy. The higher kinetic energy causes more motion in
molecules which break intermolecular bonds and escape &olution. The
solubility of CO, in wateris directly proportional to the pressuté the pressure is
increased, the CQOmolecules ee forcedinto thesolution since this will best relieve

thepressure that has been appli8)

The dissolved Cé&n water follows reactions shown below
Co(9) z @

CO:;(ag) + HOZ H,COs(aq)
H.COs( a q) " +HCH

HCO; Z H'+CO)
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Fig 3.2 Solubility of carbon dioxide in water ((emperature, pressure effectg18)
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3.7 Diffusion of CO, through cement

Diffusion of CQ, through cement is a slow process and can lead to relatively narrow
carbonation zones (~ 1 cm) over periods as long a®&f. Analternative leakage
scenario consists of flow of G&rough cemenin production wellswvhich is likely

to be significantlymore rapid thawliffusion. However COdiffusion through cement

iIs a function of the relative capillary properties of dement, thanterfacezone
(where CQ-rock interaction occurs)and any pressuregradient imposed on the

system.

The contrast in capdry properties between the cement and the formation rock
containing CQ influences the extent of G(penetration in the cement/ithin the
reservoir, cement will be in contact with rock having strongly contrasting capillary
properties Becausehe interf@e between cement and formation is vertical for-non
deviated well, there is no hydraulic pressure gradient across the interface and
COuflow can only be driven by capillary forceAs a result, there is essentially no
flow from the reservoir into the cementlowever diffusion allows some

CO.dissolved inwaterto penetrate the ceme(it9)

3.8 Chemical reactionsdue to CementCO»-brineinteraction

Three different reactions occur due to interactions of cerbeime-CO,. First
reaction is between GQ@nd brine and Cg&dissolve in aqueous phasken second
reaction happens when carbonic acid comes to contact with hydrated ,cantent
finally the third reagbn take placevhen the liquid water containing dissolved £O

surround the cement matrix.

First step: Grbonic acid formation

When there is a contact between @dwater, carbonic acid (#O3) formswhich

mean€0, dissdvesin water(10)
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CO dissociation

CO:(9) 2 CO, (aq)

CO;(aq) + HOZ H,COs(aq)
H,COsz H'+ HCOy

HCOy 2  H+ COy°

First stepdecreases the locaH, which also deperslon partial pressure of GO
temperaturend the ionpresenin water(10)

Second step: Portlanditarbonatioror cement hydrates

Calcium hydroxideCa(OH),, the cementitiousompound which is platy like material
and responsible for low strength and rturable performance of cement and
Calcium Silicate Hydrate (Ga Six-Hg), whichis the main cementitious compound

known as Tobermorite gahd responsible for the strengthceiment.
Cement dissolution

During cement dissolution process, first Ca(@Will be dissolved then CaGQwill
be precipitatedvhich improveghe structural performance and aisorease hardness
and strength of cememind decreas the porosity andpermeabilityof the cement
matrix which redue CO, diffusion(10)

HoCOs+ Ca (OHR( s ) ¥ 45pr QKO
HCO;+CSH (Calcium Sili caSie(ghHly+diOat e) Y CaCc
Third step: Calcium Carbonate Dissolution

This reactiontakesplace only when cemerns$ surroundedcompletelywith liquid
water, contaiimg dissolved CQ. It is a longterm phenomenonDue to exposure to

carbonic acid, calcium carbonasesubject talegradation.

H,CO;+ CaCQY Ca §HCO
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The effects othis reactionis theloss of mechanical integrity, increaseporosity,
permeabilityand in extreme casésading to inefficient loss of zonal isolatievhich

will occur over a longterm. There are approaches, which help to reduce the
detrimental impactsf carbonations:

e Decreas@ermeability porosityby decreasing Ca(OH amount in cement.

¢ Reducehe cement amoutly introducingfiller.

e Altering the CS-H composition to C@resistive oe aswell as reducehe
CaOH)by adding supgmentary cementitiousnaterials such as fly ash,

silica fume anaetc(10)
3.9 Basalt

The effectiveness of GOstoragedepends on the reservoir stability, retention time
and thereducedisk of leakage. Ongvay to enhance the lortgrm stabilityof CO,is
through the formation of carbonat@nerals The degree to which mineral storage is
significant and the rate athich mineralization occurs depend on the rock type and
also injection methods. Mineral carbonation of Q0uld be enhanced by injection
into silicate rocks rich in divalent metal cations like bas8&saltis amost common
volcanic rock with grey to blackolor. It is silicarich andcontains cations like iron,

magnesium and calcium and form carbonate nalsavhen combine with GO
3.9.1CO,- water-basalt interaction

For insitu mineralization of Cg basaltis considered as promising reactant.
Becausehis type of rock has high accumulation of calcium and magnesium silicate
minerals. Dissolutiorof CO, in groundwater is slow which restricts the mineral
precipitation and dissolutioreactionsWaterbasalt interaction at low concentrations

of CO, have demonstrated clays, quartz, zeolites and calcite to be secondary minerals
which are dominanwhile SiO,, Mg, F€? and Ca carbonates are dominaatt
elevated CQ@concentrationThe significance of presence of bagaitvderin oil well
cementslurries is that they improve the fracture toughsge of oil well cement

slurries. Basalts have higknsilestrength,alkali resistanceexcellent resistanct®
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high temperatureresistant to acids and aggresstfeemicals completelyinert with

no environmental riskandavailable at low cogl5)
3.9.21In-situ mineral carbonation in basaltic rocks

Mineral carbonation requiresvalent metallic cationsike Fe?, Ca? and Md*or

the carbonation proces®hen CO, reacts with Fe, Ca and Mg oxides, the
corresponding carbonate is formed and heat is released. These oxides are prevalent in
silicate minerals. Given the concentration of the oxides and their reactivity, focus on
in-situ mineral carbonation has been on rocks rich in d@ivserpentine, pyroxene,
plagioclase feldspar and basaltic glass. Crystalline basalt is rich in plagioclase
feldspar, pyroxene and olivine and basalt, glassy and crystalline, coribihe/t?o

Ca, 56 wt% Mg, and 713 wt% Fe. After injection of COin deepaquifers in

basaltic rocks followingxothermicchemical reactions are taking place:

(Mg*?, Cca®) + CO, + H,O = (Ca, Mg) CQ + 2H" 1)

According to the aboveeactionthe divalent metallic cations in basalt react with CO
to precipitaescarbonate mineral§.or each mole of carbonate mineral precipitated, 2
moles of H produced The reaction(1) will not proceed tahe right unless the H
ions are neutralized. Neutralization of Will take place by reaction with the primary
mineral phases in the basaltic host rock, as simplified in reaction (2) and (3).

Common minerals in basalteplagioclaseolivine, pyroxeneplagioclase feldspars

Forsterite Kg.SiO;) composed of magnesiumxygen and silicon is the magnesium

rich endmember of th@livine solidseries

Forsterite

Mg.SiOs+ 4H'Y 2 Kfg2H,0 + SiO; (2)

Caplagioclases asolid solutionseries an&nown as the plagioclase feldspar series
Caplagioclase

CaALSIOs + 2H + H,O Y Ca'? + AlSi,Os (OH) 4 (3)
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Carbonate mineralgrecipitationdependsn thepH. (15) Basaltminerals dissolution
and the release of divalent catiamntributethe pH of solution tancreaseuntil the
precipitationstarts. Sinceéhe calcite precipitatiomn reactionl is fast the mineral
carbonation extent is settled Hissolution kinetics of the reactiogs/en as(2) and

(3).
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CHAPTER 4

STATEMENT OF THE PRO BLEM

Carbon capture and storage for thousands of yearsdergroundormations isone
of the ways to reduce treamount ofCO, emissions irthe atmosphereUnderground
CO, storagemay have some effect on wellbargegrity and vellbore cementhas
been identified as the risk contributing to leakage of, @@m geologic carbon
storage.The purpose of this thesis work is tovéstigatehe chemical reactionthat
occursbetween the COsaturated brine and cementadditive mix andas additive

basalt was added to cement mix.

The cement mix to be prepared by adding basaltlig,ZX),30 cement basalt ratian

4 cement plugs will be tested for physical properties and change in these properties
to be studied on similar cement plugs subjected te-ltDe saturated under 1100

psi pressure and 85 temperature. The change of cement plug propegfeer 3
months duration is to be tested. SEM photographs will visually show alteration in

microscopic scale.
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CHAPTER 5

EXPERIMENTAL SET UP AND PROCEDURE

The experiment is conducted under temperature & 68d a pressuraf 1100 psi.
This is the situation where G@s in saturated state. Before the experiment started,
the temperature of the oven was raised to a temperature<@ff66 fourcement
plugsin core holders prepared and situated inside the @arehthenCO, satuated
brinewassent to hetop of cement plugt the same time. The experiment carried out

for 90 days at constant pressure and temperature.
5.1 Materials used in experiment

Four cemenplugsprovidedby TPAO for theexperiment anthe materials that used

in these 4 samples consists of class G cement + bagatiert+ additive CFR).

The Class Gementgprovided by TPAO fromzmit, Nuh Cimentofactory or which

the chemical compositions are as indicated in &able

Table 5.1 Chemicd composition of class G cement

Chemical composition (weight percent)
Type
SiO, | AlLO; | Fe&O; | MgO | CaO | KO | SG; | LOI
Class G
2243 | 4.76 | 4.10 | 1.14| 64.77| 0.08 | 1.67 | 0.54
Cement
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Table 5.2 Chemical properties of class Gcement(16)

Compoundweight percent)
Type CsS C.S CA C,AF
(3Ca0.SiQ) | (2Ca0.SiQ) | (3Ca0.AO;) | (4Ca0.AbOs.Fe0s)
Class G
50 30 5 12
Cement
Table 5.3 Physicalproperties of class Gcement(16)
Specific Absolute Bulk Fineness
Type Gravity Volume Density (Surface area
(average) (gal/lb) (Ib/ft3) (sq cm/qg)
Class G
3.15 0.0382 94 1600 to 1800
Cement

The othermaterial that used for the samplesadditivas basalt, forwhich the XRD

analysisprovided by Geologyngineeringdepartmenof METU. The samplevas
from North ofK ¢ t a KayrergaVillage.

The chemical comition of basalsample used is given table5.4:

Table 5.4 Chemical compositions of basaltised in experiment

Chemical composition (weight percent)
Type
S|Oz Al 203 F6203 MgO CaO Nazo Kzo T|Oz P205 MnO Crzo3 LOI
Basalt | 57.23 | 16.60 | 6.43 2.45 5.44 456 | 240 | 1.20 0.39 | 0.13 0.03 3.14

As the agueous phase synthetic brine was prepared with composition gbedavin
and the chemical analysis for cationsvas determinedby ICPOES analyzer
(inductively coupled plasmaptical emission spectrometeaind the resultsra also

given in tables.5. The analysis was performed at METU central laboratory.
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Table 5.5 Synthetic water analysis

Composition mg/L
Na 551. 3N8. 5
Ca 24.2N0. 1
Mg 43.9N0. 1
Fe 0.02
2. 40N0. 03
S 6. 78N0. 10

For the above composition and also for thé formation water preparation, 375.6
mg of MgCh I 6H,0, 333 mg of CaG) 36.8 mg of MgSQ@I  70H1.83 mg of
FeCkl  80H688 mg of NaChnd 135 g of NaHCQ areadded

5.2 Cementslurry preparation

Four cement slurrgamples werereparedvith differentbasalt content, class well
cementwith constantwatercement ratioof 0.44, CFR(cement friction reducer)
additive 600g cement usetbr four samples with different basalt contesample #

1 mixtures consist 0600 gramcement, ndbasaltcontent(0% of cement weight)
264 g(44% of cement weight) watendno CFR additive (0% of cement weight)
Sample # 2nixture consist of 600 gracement, 60 g basdt0% of cement weight)
264 g (44% of cement weightjvater and1.5 g (0.25% of cement weightICFR
additive. Samples # 3mixture consist of 600 gram cement, 120 g baE#fb6 of
cement weight) 264 g(44% of cement weightjvater and 3g (0.5% of cement
weight) CFR additive Sample # 4mixture consist of 600 gram cement, 180 g basalt
(30% of cement weight)264 g(44% of cement weightyvater and 3 0.5% of
cement weight)CFR additive Basalt weight %in whole mixture (cement +water
+CRF)in sample # 1 is 0% in sample # 2p6n sample # 3, 9% and in sample # 4,
13% Samples weremixed as given APl specification recommendegractice
10A/ISO 104261 and the compositions of four samples ashown in také
5.6.Preparation ofcement plugsaccording to APl recommended procedure and

apparatus are given in Appendix
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Table 5.6 Cement slurry compositions

Class G CFR-3(cement friction
Sample Basalt | Water

N cement ) ) reducer)
0 g g

(9) (9)
1 600 0 264 0
2 600 60 264 15
3 600 120 264 3.0
4 600 180 264 3.0

A quality control testwas carried out orclassG cement tocheck thequality and

capability of class G cemeritest results are given in tablé’s.

Table 5.7 Class G cement quality control results

Thickening Time Compressive Strength
(Min) (Psi)
15-30Max Bc | 100 Bcduration | 8 hours in 36C | 8 hours in 66C
(Max 30) (between 9€120) | (Min 300 psi) | (Min 1500 psi)

5.9 18 120 535 1967

Bc = Burden of Consistenc¥he pumpabilityor consistencyf aslurry, measured in Bearden units of

FreeWater %
44
(Max 5.9, W %)

consistency (Bc), a dimensionless quantity with no direct conversion factor to more common units of

viscosity.

Basalt was grundedinto finer particles in three stagebhe first stage, stone crusher

used togrind basalt rocknto smallerparticle. Insecond stagehe small particle of
basaltgrindedagain to make the particles smaller and in the third sbedlemill was

usal to grindthe basalt particle into extremely fine powder and theseve with

meshsize# 200 (75 Om) wsdd tpw wdlketraiim t7tbe Obma ©

After the material preparatiomvas completed the materialswere mixed with
amountsgiven in table5.6.The cement slurry samples pouredcylinder holders

with dimension 0f2.6341 2.307 inch Then, theholders placed irthe ultrasonic
cement analyzer apparatus to determine the compressive strength at the specific

pressure antemperatte. After 24 hours theconsistency and compressive strength
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of four samplesinder 60°C temperature and 1000 psi presswes measured. The
compressive strength graphs of all 4 sampleg&en in figuress.1 to5.4.The final

compressive strength of 4 sore samples after 24 hours*Gttétperature and 1000
psi pressure are given in talle3. As table shows thinal compessive strength of

cement plug#creased as basalt content increased.
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Table 5.8 Compressive strength of £ement plugs

24 hr strength
8 hr strength 12 hr strength _
Samples _ ) (Final Strength)
(Psi) (Psi) )
(Psi)
Samplex 1
1302 1945 3008
(cement®%basalt)
Samplet2
1633 2484 3598
(cement6%basalt)
Samplex 3
1630 2528 3653
(cement®%basalt)
Sample:4
1864 2874 4138
(cementtd3%basalt)
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5.3 Experimental set up

Cement plugswvere preparedvith 2 . 6 34 | 2.307 inch di mens

dimension plugs were taken to fit the specific core holders which were used in
experiment.The cement plugg 2 and 3 wrecoated withteflon and placed in core
holderswhile plugs # 1 and 4 were not coated since had same diameter with the inner
diameter of the corénolders. The experiment is conducted under the reservoir
condition of a temperature of 66 and a pressure around 1100 psi. This is the
situation where C@is in satirated state. Before the experiment started, the
temperature of the oven was raised to a temperature &.6be fourcement plugs

in core holders situated inside the oven, and thepsa@rated brine sent to thap

of the cement plugat the same timeThe experiment carried out for 90 days at

constant pressure and temperature.

The setup of experiment consist of avenwhich keep the temperature constait

65 C, The mixing cylinder used for keeping @@ater mixtureanISCO pump for
pumping water into the mixing cylinder CO, cylinder, which contains
COy(g).Thermocoupls which connectedrom one siddo data logger and the other

side to the oven to record the temperature of oven, pressure transducer used to
measure andecord the pressureof four samples, Datdogger which record the
pressure and temperature and connected to PRC used to showeveryday

recordingsTheset up for the experiment is shown in Figbrfe

The experimental equipment technical specificationgaenin table5.9as

observed fronkigure5.5.Thefour core holders and also the mixing cylinder, all are
made of stainless stemhd theséoldersare resistanto corrosion. Fofour cores the
synthetic wateanalysis and the SEM analysigrecarried out to observe any

alterationdue toCO,-saturatedrineon cemenbasalt mix.
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Fig 5.5 The schematic diagram of the experimental setip
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Table 5.9 Experimental apparatus andtechnical specification

Experimental apparatu

Technical specification

ISCO 500D Pump

Capacity ofCylinder:266.38 ml
Range of Pressure: 10 #5450 psia
Depressurization or refill rate: O | -204nrnl/min at

any pressure

Mixing Cylinder

0-3750
High Pressure SteeHeight (21.5) cm, Diameter (3
cm Volume (151.89) cfh

Thermocouple (PT -20%C - +150C
100)

0-3000 psia
Pressurd@ransducer

4-20 mA
CO; Cylinder 65.8 kg,40 It,,250 bar

Core Holders

High Pressuresteel, Height (5) cm, Diameter (2.5
cm Volume (25.32) cth

Elimko 680 Data
Logger

Input types: Thermocouple, resistance Thermocqu
Voltage, Current

Operating Temperaturel0C - +55%C

Memory: EEPROM max. Fawriting

Dispatch Oven

10400 ecC
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5.4 Experimental procedure

Beforestarting theexperiment, théour core holdersverepressurized up to 1000 psi
by air and placed into the watdbathto testfor leakage. Theparts of set up were
assembled anthe mixing cylinderand core holders vacuumetb6.38 misynthetic
formation water wasfilled into the cylinder of ISCQoump. The experimenwas
carried out under 1100 ipgressure and 65t e mp e r aAt Eigue5.5@xXdibits,
firstly CO, was conducted to the mixing cylinder by opening the valvand24 at a
pressure 0800 psia.Secondly, synthetiwaterformation from ISCO pump wasent
to the mixing cylinderat aconstant pressure o6Q(psiag then, in mixing cylinder
water and C@was albwedto equilibrate for 4 hourand the pressure transducer
recorded the pressuref mixing cylinder at around 1500 psi but since C®
dissolving in synthetic water, the pressistarted to decreaseit after some hours
leveledoff at 1100 psiAfter CO, completely dissolved in synthetic water, valwds
#5and # were opened and the core holderi¢tilled with the mixtureandafter the
core holder #1 filled completely thalve #% closedthen Valves # and # and #
were opened and allow the core holder #2 be filled with the mixture and after the
core holder #2 filled completely the valv& #losed valves # and #% and #8 were
opened and allow the core holder #3 be filleith the mixture and after the core
holder #3 filled completely the valve8#closed, Valves#4 and #% and # were
opened and allow the core holder tddbe filled with the mixture and after the core
holder #4 filled completely the valve9#as closedrespetively. After sending the
mixture to the four core holderthe valve #1, 3, 4, 5, 6,7,8,9were opened to
pressurize the fouroldersin the samdime, sothe pressure of four core holdevas
raisedto 1100 psi by pumpingyntheticwaterform ISCO pump. The pressure of the
systemwas recorded by pressure transducer which is connected to data kgder
then the valveskt 2, 3, 4vere closedto allow recordingthe pressure of four core
holders. Theressure and temperature of 4 core holderse recorded as illustrated
in Figure5.6 and all the temperatures apcessures were kepbnstant.The photos

of set up angdement plugsre illustrated irAppendixD.
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5.5 Amount of CO, used in experiment

Since the volume ofyinder calculated is151.89 cm and CQ was sent to this
mi xing cylinder at a temperature of 65 e

CO, pressure, so the amount of €@ brine can be calculated from

PV=ZnRT
PV

n=——
ZRT

Thecri ti cal temperature for carbon dioxid

atm Reduced critical pressure and temperature are calculated as

p=P _2041 4599

" Pc 73

T_ 654273

= =200 111
T, 31.1+ 273

At the condition of P=0.279 and T=1.111

za 0.92

R = 8.314472 crhiMPaK'mol
P =300 psia = 2.068 MPa

T = 683BB&K =

151.89% 2.068
n= =0.121 mole
338.15¢ 8.314472 0.92

0.121 moles of C@vas mixed and dissolved in synthetic water which was in contact
with eachcement plugFig 56 represents thergssure antemperature recordings of
the static experimeriior last 5 days.

As figure 3.2 shows the solubility of carbon dioxide in 66 temperature and 300
psi (20 bar) partial pressure of €@ 1.4 Ib CQin 100 Ib of HO.The 1.4 Ib
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solubility of CQy in 100 Ib of HO correspondence to the 0.048 mole solubility of

CO; in of 151cmof H,0. From the calculations, 0.121 moles of Gdissolved in
synthetic water while the @Empentareanch30G i gur
psi, 0.048 mole of C&can be soluble iwater, which indicate that all amount of

CO,was not dissolved in water.
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CHAPTER 6

RESULTSAND DISSCUSION

This thesis work is carriedut to investigate thpossible chemicakeactionsetween

CO,-watercement interactiomvhere cement had various concentrations of basalt as

an additive and it affect the porosity, permeability and compressive strength of

samples

6.1 Synthetic formation water analysisresults of four cement plugs

After the formation water prepared, has begred with CQ and sent to the core

holders and the result of the g8aturated brine after injection of 3 months of four

samples is presented in tablé

Table 6.1 Synthetic formation water result

Initial CO, water Final compositiorof water in contact with each cement ply
Compositions composition of mixture after 90 days
(mo/t) water (mg/L) (mg/L) 1 2 3 4
Na 551.3| 606N1 14911 5091K6135N 6148H
K 2. 40N{ 1. 98N[{2993N 5272K5515N4482K
Mg 43.9N] 41.5N 190N[ 30.5835. 18 76. 8K
Ca 24.2N] 14.8N 48.8N24.186.46N 16N0
Fe 0.02 - .22K0. 93K - -
S 6. 78N{ 13.8N 402N] 456N| 268N] 721N
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According to tables.1 Na concentration CO, treated water compared to initially
prepared water had increased. The increase in Na concentration fre@@d water

is not expected and might be an experimental erb@causethere is no any
reasonable explanation for its increa3&e Na concentrain of water samples
obtained from core holders after 90 days shows an increase, so there must have been
some dissolution of Na containing minerals from the cement plug concentration
of Mg increased in sampiel from its concentratiom CO, water mixwhich means
Mg dissolvel in water after 90 days while in sampl€ and 3Mg concentration
decreasedueto Basaltcontent .Basalt content in sampl2 (6% basalt) and 390
basalt) cause Mg concentration in water to decrease wéans some amount of
Mg precipitated Mg concentration in water in sampied (13% basalt) increased
which was expected talecreasethere is no reasonable explanation fois. Ca
concentration in sample #1 increased from its concentrati®®, water mixdue to

its dissoluton in water. Insample # 2 &% basaltymall amount of Ca precipitated
while in sample # 39%) by increasing basalt amouwnhly 6.46 mg/L of Ca
dissolved in formation water and the remaghamount is precipitate@a dissolved
more in wateiin sample # 4atherthanin sample # 3 which there is no reasonable
explanation forthis. The comparison graghof the elementconcentrationn CO,-

water mix and four cement plage illustrated in appendik.

6.2 Porosity, permeability measurements o€ement plugsbefore CO,-brine

treatment

The porosity andpermeability of four samples by the specific apparatus based on
APl Recommended Practice #&re alsomeasured and the tdts are presented in
table 6.2 As table 6.2shows, sampiel which consists of neat cement and water
without any additives has the highest porositisile the porosity insample 2
(with6% basalt, decreased. Thimdicates thafine particle size of the basalt migrate
through cement matrix pores and decreaseptiresity. Insample 3 and 4 also
decreases can be se@nporosity due to6% and9% increases in basalt particles
addition respectivelyThe permeability of four samples before L£i@jection has
been measured and the results are shown in @gbMhich there is a decrease trend

also in permeability from sampid to 3 but in sample3 the permeability increased
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which there is no any reasonable explanation. The permeability of sadnisléess

than others because of basalt content whid8ds, the increased basalt content the
less thgpermeability. The porosity, permeability measurement apparatus are given in
appendix F.

Table 6.2 Porosity, permeability values of fourcement plugsbefore CO;

injection
Sample Sample Sample Core Porosity
diameter Ka (mD)
No Length (mm) (%)
(mm)
1 2341 46.70 30.65% 0.035
2 23.25 46.70 29.15% 0.010
3 23.35 47.80 27.31% 0.025
4 2335 47.70 27.27% 0.009

6.3 Porosity, permeability measurements afement plugsafter CO,-brine

treatment

The porosity and permeability of four samples by the specific apparatus based on
APl Recommended Practice #@&s been measured after 90 days. fdsats are
presented in table 6.8 samplex 1 because of the sample broke while dismantling
from core holder, permeability and porosity values were not determined. The
porosity of sample: 2 before CQtreatment was 29% while decreased to 27.31 %
after CQ treatmenti(table 6.3)which indicates the effect of basalt, cement, and CO
brine saturated interactioin decreasing the porosity. In sampl8 and 4 also
porosity decreased with respect to basalt content. The permeability of four samples
after CQ injection has been measured and the results are shown in table 6.3 which
there is a decrease trend als@ammeability from samplel to 4 due to the addition

of basalt particles. In sampked, does not have precise result for permeability since
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half of thecement plugoroke. By comparison the permeability result of tables 6.2

and 6.3, the permeability of mgles: 2 and 3 has been decreased because when CO

saturated brine interact with tleement plugsvhich consist of cement, basalt mix

and as result of this reaction, minerals such as Ga@®Mg,Fe CO;) participated

and act like a carbonate barrier whiprevented from diffusion of COsaturated

brine into thecement plugs

Table 6.3 Porosity, permeability values of fourcement plugsafter CO; injection

Sample No SaE?nprlne) dia e r?girr??rlr?m) Core((l;)c;rosity Ka (mD)
1 2341 46.70 * *
2 2325 46.70 22.30% 0
3 2335 47.80 18.70% 0
4 2335 47.70 17.48% *

*In samplez1 and 4 because of the sample broke while dismantling from core holder

permeability and porosity values were not determined.

The measurement of porosity and permeability tests were conducted on cement

plugs which were drilled from the original cement plugs which had larger diameter

to fit the Ultrasonic cement analyzer apparatus.
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6.4 Compressive Straigth analysis ofcement plugs

AP-1000 VERSATESTER apparatuswas usedfor measuring the compressive
strength ofsamples Compressivetrengthwasmeasured by applying a vertical load
on the surface area of eashmple.The devicerecorced the amount ofoad applied
to the samplauntil the samplebreaks. Thdoad amount divided by surface area of
sample $ the compressive strength of tsample.Schematicof the apparatus is

presented iR ppendixG.

The strength of 4cement plugshas been measured before and also after the
COssaturated bringreatmentand the results of the measurementssam@vn at table
6.4 and 65:

Two different methodsvere used to measure the compressive strength of cement
plugsbefore and after experimeniBhe compressive strength of cement plugse
measured by the ultrasonic cement analyapparatus before the experiment
Cement plugaused in CQ@-brine saturate@xposure experimentsere drilled to a
smaller diameter sahe measurement of the compressigtrength after the
experimenwas realized usinthe AR1000 VERSATESTERapparatus

Table 6.4 Compressive strength of 4 samples before G@aturated brine

treatment (by Ultrasonic cement analyzer)

Sample # Amount of load applied| Surface area of | Compressive
up to break timglb) samples (if) Strength (Ib/if)
1 2140 0.785 2726
2 2920 0.785 3719
3 3710 0.785 4726
4 4050 0.785 5159

As table 64 shows the compressive strength of samples has been increased

significantly by increasing the basalt ambin samples from 0% up t8%.
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Table 6.5 Compressive strength of £ement plugsafter CO, treatment

(AP-1000 VERSATESTER apparatus)

Amount of load applied

Surface area of

Compressive

Sample # _ _ Strength
up to break time (Ib) | samples (if) I
(Ib/in?)
1 ] _ _
2 6330 0.785 8063
3 8590 0.785 10942
4

As it is presented in table 6.5 sample # 1 and 4 do not have any values because
sample# 1 was brokerand compressive strengttannot be measure®ample# 4

bended while applying the vertical loglig 6.1). Samples # 2 and 3 compressive
strength has been increased significantly with regard to two samples befere CO
treatment. Cement sample® and 3 containing basalt ultimately show improved
durability to acid attack and increased the strengtthefcement. Since the acid
attack in cement and basalt mix cause carbonation so the carbonated part shows more

uniform microstructure containing Cag@nd Mg, Fe (C@).(9).Photographs of

cement plugs after experiment are giveappendixH.

Fig 6.1 Cement plug4 while applying vertical load

48




6.5 SEM analysis

SEM analyses of theement plugsvere carried out to investigate astyuctural and
mineralogical changes on the core surfaces. The samples taken for SEM analysis
were surfacepart where C@brine contact was present abduto 2 cm depth of
cement plugs.From the photgraphstaken in SEM analysidor the 90 days
experiment, it is seendhthe near to surfagearticlesare more loose than the inner

part of the core, which shows the €d@iffusion into the core. Invaded zone (color
change) can be observed in samples # 1,2,3 while in sample # 4 the invaded part was
negligible because colohange was not identified which meak%% basalt content

in sample 4 make the sample more resistant to carbonic acid diffusion. The part of
the sample where carbonic acid diffuse (invaded zone) is the carbonated zone and the
part which there is no any ftlision is uncarbonated zone. As it is obvious from
figure 6.2 the samplel (neat cement without basalt additive) shows the formation of
three distinct zones. First zone which has 1.5 mm length carbonic acid penetration is
the porous zone whepmesumablyCa(OH) ; is dissolvedithe dissolution of Ca (OH
osincreased the porosity of the sample. The second zone which has about 0.25 mm
length is less porous zone and is the zone where gpf@Oipitated. The formation

of CaCQdecreased the sample permeabilitg ancreased its compressive strength.
The third zone whichs beyond the second zoreunaltered zone, where the €O
saturated brine did natiffuse. InFigure 6.3 the first zone in sampl@ has about

0.75 mm length carbonic acpknetration, theecond zone has about 0.5 mm length

In Figure 6.4 the first zone in sampie8 has about 0.5 mm length carbonic acid
penetration, Thesecond zone has about 1.25 nength. Thesurface images of
samples from side of theement plugafter CQ saturated brie treatment are

presented in figure 6.2~6.4.
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HETU  28KU «0

Fig 6.2 SEM surface image ofcement plugl after 3 monthsCO; saturated brine
treatment

METH = 28KU

Fig 6.3 SEM surface imageof cement plug2 after 3 monthsCO; saturated brine
treatment
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Fig 6.4 SEM surface imageof cement plug3 after 3 months CQ saturated brine
treatment

SEM analysisvascarried out for whole samples from near surfateamples where
carbonic acid diffused and inner part of samples where no diffesioarred EDS
(Energy dispersive spectrométnanalysiswas obtainedafter 90 days experiment.
Based on the result of the EDS in tablés-1.16 in appendix Isample# 1 weight
percentof Mg and Canear to surfaces less than theaner section of sample # 1,can
be interpreted that some amount of Mg and Ca dissolved in carbonic acid. Si weight
percent increase near to surface of sample # 1 compared to inner part whichemight
interpreted that Si precipitated aftiwe reaction withcarbonic acidln sample # 2
weight percent of Mg and Ca near to surfadessthan the inner section of sample #

2, which showsthat some amount of Mg and Gkssolvedin carbonic acidIn
sample #3 weight percent of Mg and Geear to surface is less than the inner section
of sample #3, can be interpreted that some amount of Mg and Ca dissolved in

carbonic acid.
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