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ABSTRACT

The most effective way to store carbon dioxide {Cfor long term safe and low cost
CO, sequestration is by storing it underground. Howgthes application will requires
long term wellbore integrity. A leaking wellbore rarlus can be a pathway for O
migration into unplanned zones (other formatiordja@ent reservoir zones and other
areas) leading to economic loss, reduction of, G@rage efficiency and potential

compromise of the field for storage.

This CQ leakage through annulus may occurs much morelyajdn geologic leakage
through the formation rock. The possibility of suelaks raises considerable concern
about the long term wellbore isolation and the Hility of hydrated cement that is used
to isolate the annulus across the producing octigje intervals in C@related wells.
With the lack of industry standard practices deninth wellbore isolation for the time
scale of geological storage, a methodology to miéighe associated risks is required.
This requirement led to the need and developmena d¢dboratory qualification of

resistant cements and the long term modelling ofecg-sheath integrity.

This project presents the result of a study ondégradation of cement paste due to
exposure to CQunder the condition of 100 °F and 1500 psi. Theectbye is to
determine the effect of carbonation on cement 8trac Carbonation can affects the
microstructures of the cement which will affect tinechanical and physical properties
of the cement and causes cement corrosion. Separameters are analyzed in order to
see the effect of CQattack on cement structures. The cements are expasévo

different fluids which are the wet supercritical £6hd CQ-saturated brine.

The cement samples are prepared according to thep®eification for Portland cement
and the properties of the cement are examineddorent met with the API regulations
for oilwell cement. The cement samples are therergaing the curing process for 8
hours. The hardened cubic samples result fromuhag process is then exposed to the

CGO; in the autoclave at various conditions of £&hd at different times of exposure.



After the exposure period, the samples are thelyzathto examine the mechanical and
chemical properties after the g@xtack.

The discussions based on the results obtained ade.nThe finding shows that the

cement samples that had been exposed tol@ their compressive strength and also
their structural integrity. The sample analysisngsihe Scanning Electron Microscopic

reveals the formation of calcium carbonate (CgCGdd amorphous silica gel that lacks

structural integrity and contributes to the decegasmechanical and physical properties
of the cement.

Some recommendations are also provided in orddevelop a more resistant-corrosion
cement towards CO



ACKNOWLEDGEMENT

First and foremost, | would like to praise God Adfmiy for His guidance and blessing
that He had given to me in completing this proj&¢ithout His guidance and blessing, |
might not been able to complete this project oretifhank God for the strengths that
He had given to me to overcome all the weaknessdsddficulties that | am facing
throughout the period.

I would like to express my deepest gratitude tosmgervisor, Dr. Sonny Irawan for his
tireless support and guidance. Dr. Sonny has beatuable supervisor throughout my
time in doing this project and his encouragemehtsughout the year will not be
forgotten.

My gratitude also extends to Miss Arina Sauki, atgraduate student for her help and
guidance throughout the project. She had beenpduiheblleague that provided me with
the useful information and knowledge related tcs throject. Without her help and
guidance, | would not be able to complete thisgubj

I would also like to thank the lab technicians fbeir assistances in this project; Mr.
Amirul Qhalis for his assistance in drilling lab darMr. Irwan Othman for his
tremendous help in the analysis of my samples. Alsmuld like to express my greatest
appreciation to the management of Universiti TekgpMara (UTM) for granted me

permission to use the facility that only availaiole¢heir lab.

Not to forget, | would like to thank the course mtinators, Dr. Suzana Yusop and Dr.
Khalik M. Sabil for their support and encouragemimtthis one year period. Deepest
appreciation also goes to my parents who have stgghme through every stage of life.

I wound not have made it to this point in life vatlt their support.



TABLE OF CONTENT

CERTIFICATION . . . . . . . . [

ABSTRACT . . . . . . . . . iii
ACKNOWLEDGEMENT %
CHAPTER 1: INTRODUCTION . . 1
1.1 Background Study . 1
1.2 Problem Statement . 2
1.3  Objectives . 2
1.4  Scope of Works 3
CHAPTER 2: LITERATURE REVIEW 4
2.1 Carbonation 4
2.2 Cement as Primary Seal 4
2.3 Cement Carbonation Theory 5
24 Characteristics of Reaction 7
25 Cement in Contact with G@aturated brlne and
supercritical CQ . . . 8
2.6  Alteration Process . . . . 8
2.7  Cement Compressive Strength. . . 10
2.8  SEM Analysis . . . . 11
CHAPTER 3: METHODOLOGY . . . . . 13
3.1  Sample Preparation. . . . 13
3.2 Curing Process . . . . 14
3.3 Exposure Test . . . . 15
3.4  Sample Analysis . . . . 16
CHAPTER 4: RESULT AND DISCUSSION . . 18
4.1  Scanning Electron Microscopic (SEM) . 18
4.2  Alteration Process . . . . 22
4.3 Compressive Strength . . . 26
4.4  Weight Changes . 28
4.5  Comparison between Samples in Both F|UIdS 30
CHAPTER 5: CONCLUSION . . . . . 33
CHAPTER 6: RECOMMENDATION . . . . 34
REFERENCES . . . . . . . . 39
APPENDICES . . . . . . . . 41

Vi



LIST OF FIGURES

Figure 2.1: Samples before and after exposure
Figure 2.2Different zone in attacked Portland cement
Figure 2.3: Several discontinuities in the sample
Figure 2.4 Compressive strength of Portland cement at

different time of exposure
Figure 2.5: Microstructure of Portland cement
Figure 2.6:Microstructure of uncarbonated sample
Figure 2.7 Microstructure of carbonated sample revealing

growth of calcite crytallites
Figure 3.1:Model 7000 Constant Speed Mixer
Figure 3.2.Curing chamber
Figure 3.3: Autoclave
Figure 4.1: Non-carbonated sample at 1000x maggfyi
Figure 4.2: Sample in wet supercritical £&ter 24 hours of exposure
Figure 4.3: Sample in wet supercritical £&ter 72 hours of exposure
Figure 4.4: Sample in wet supercritical £&ter 120 hours of exposure
Figure 4.5: Sample in brine after 24 hours of expes
Figure 4.6: Sample in brine after 72 hours of expes
Figure 4.7: Sample in brine after 120 hours of axpe
Figure 4.8 Different zones in sample submerged in

brine after 120 hours of exposure
Figure 4.10: Thickness of alteration vs. Exposuueafion
Figure 4.11 Compressive Strength vs. Exposure Duration
Figure 4.12: Weights for samples in wet superaitic

CQ before and after exposure

Figure 4.13: Weights for samples in brine before after exposure
Figure 4.14: Weights for samples in both fluideathe exposure
Figure 4.15: Sample submerged in brine

Figure 4.16: Sample submerged in wet supercriGea

Vil

10

11
21
12

12
13
15
16
18
19
19
20
20
21
21

24
25
27

29
29
30
31
31



LIST OF TABLES

Table 4.1: Thickness of alteration after exposure

Table 4.2: Compressive strength of samples befa € exposure
Table 4.3 Compressive strength after €éxposure

Table 4.4: Weights of the cements before and #igeexposure
Table B.1: Gantt Chart forsemester

Table B.2: Gantt Chart for"2semester

viii

25
26
26
28
43
44



CHAPTER 1

INTRODUCTION

1.1  Background Study

The construction of carbon dioxide (g0njection wells starts with drilling followed by
the well completion before starting @@jection operations. In the framework of well
completion, the cementation phase guarantees wsahtion from the reservoir to the

surface and isolation between geological formations

A crucial technical problem in GOsequestration is that the chemical resistant ef th
cement to C@exposure over time. Conventional materials useavill isolation for oil
and gas production are Portland based cement syst€he systems present the

advantage of being low cost and efficient for cortianal well construction.

Efforts have focused on enhancing the propertieBarfland cement for COnjection
wells by reducing the permeability of the cememwedring the concentration of
materials in the system that react with LL@ replacing the conventional Portland

cement with specialty materials.

One of the major factors that cause structure wegtion of the cement is carbonation.
Carbonation is the reaction of hydration produdssalved in the pore water with the

CO; in the air which reduces the pH of cement puratgm from 12.6 to less than 9.

The effect of carbonation has become significantethe development of cement
technology. This is because of the usage of thirsterctures and the more exact

utilization of the real properties of cement.



Carbonation will change the microstructure of teenent paste and affects the strength
and creep in which will cause cement corrosion detbrmation properties of the

cement.

1.2 Problem Statement

Carbonation affects the microstructures of the cegmehich will affect both porosity
and compressive strength of the cement and wilse€atorrosion to the cement. In
cement chemistry, major attention has been madeetiithering processes of Portland
cement (Carrasco, Rius and Miravitlles, 2008). Doethe action of C® on the
mineralogical compounds of Portland cement, transébion of portlandite into calcium
carbonate occurs. This will causes the modificatainthe microstructure and the

mechanical and durability properties.

After prolonged exposure to G@Qnder supercritical conditions, the hydration prcd
formed in the hydration of common Portland cementlaxgo decomposition into

calcium carbonate and siliceous residue.

The effect of CQon cement has been considered to be the samg ashan acid attack
(with available moisture) that is, it should attatle alkaline constituents in the set
cement. Based on present investigation (Onan, 1984jas revealed that the calcium
silicate hydrate phases resulting from the nornyalrdtion of Portland well cementing
compositions will undergo a type of pseudomorphosis any three calcium carbonate
phase that are calcite, aragonite and vateriteaarsmorphous silica similar to common
silica gel when exposed to a g€ch environment.



1.3  Objectives

The objective of this project is to determine tlfieet of carbonic acid (carbonation) on
the cement structures. The effect of carbonatiam loa examined by analyzing the

following parameters:

the alteration front of the cement samples

the depth of carbonation

the changes in the structure and chemistry ofdhgptes
the microstructure development

the compressive strength of the cement samples

o gk w e

weight changes before and after carbonation

14  Scopeof Works

The cement samples are prepared according to thHespéxification for Portland
cement. Then, the cement slurries are mixed witistamt speed mixer. The samples
later will undergo the curing process for 8 hourslifferent pressures and temperature.
After the curing process, the samples will be erpoto CQ in two exposure
conditions. One is in the G&aturated brine and the other is in the wet sujiead
CQO,. The durations of the exposure are 24, 72 andhb2@s. Then, after the exposure
period, the carbonated samples are analyzed toiegahe effect of C@attack on the

cement structure.



CHAPTER 2

LITERATURE REVIEW

1.1 Carbonation

A well known phenomenon is associated with cemaseld materials is the
environmental C@attack, generally referred to as carbonation. @zabon is the result
of the interaction of atmospheric G@as with the initially alkaline cement materiahel
absorbed C@dissolves in the pore water of the cement pasterta a weak carbonic
acid. This acid dissociates into the carbonate hpdrogen ions and reacts with
hydroxide compounds in the pore water to form ksable carbonated. This is because
the solubility of calcium carbonate in the poreusioin is low and it tends to precipitate
out of the solution within the pore structure, liegdto physical as well as chemical
changes to cementitious waste form. Gl also cause a decrease in the pH of the
system, which in turn alters the solubility of taste toxic species either decreasing or
increasing it. Additionally, carbonation may causetain toxic species to go into solid

solution in the calcium carbonate which may lirmg release of the species.

22  Cement asPrimary Seal

Portland cement has been used as the primary s@alsih gas and water wells and has
shown to provide effective annular seals in thesdlswthroughout the world. The
concern regarding the GOnjection wells are the carbonation reactions ttestulted
from the reaction of C@in the form of carbonic acid with Portland cement.



Cement is known to be thermodynamically unstabl€@®s rich environments. It tends
to degrade rapidly once exposed to such acid dasesacting with calcium hydroxide

formed from hydrated calcium silicate phases (Bdacter, 1986).

As carbonates are dissolved in low pH environmigiet cement carbonation process will
not become a self plugging effect in the cemenaherecent analysis on one cement
sample collected in COEnhanced Oil Recovery (EOR) well, the cement sample
demonstrates that at least in one location, théda@Por cement has retained its structural

integrity after 30 years in near Gf@servoir environment (Carey et al., 2006).

Long term isolation and integrity of GOnjection wells clearly must be improved in
order to ensure the long term environmental safetythe processes involving the
injection of CQ for EOR, a number of failures have been reported t the poor

cement properties. Failure of the cement, in thection interval and above it, may

create preferential channels for carbon dioxidenigrate back to the surface.

Optimization of advanced systems allowing long tevell isolation is critical to allow
safe and efficient underground storage for,@@d thus keep the greenhouse effect gas

out of the atmosphere for long duration.

2.3  Cement Carbonation theory

The literature (Bruckdorfer, 1986) documented theasion of cement structures by the
leeching action of the carbon dioxide laden wat€arbon dioxide laden water can

reduce the hydrated cement to a soft, amorphdics gel.

The basic chemistry describing the process is lasifs:
CO,+ H0 — H,COs (2.1)
H,CO;+ Ca(OH) — CaCQ (2.2)
Ca-Si-H + H + HCO; — CaCQ + amorphous Si© (2.3)



In step (2.1), approximately 1% of the dissolverboa dioxide (CQ) reacts with water
(H20) to form carbonic acid. As the carbon dioxidecladvater diffuses into the cement
matrix, the dissolved acid is free to react witk talcium hydroxide (Ca(Of) which
makes up 20% of the cement composition and thealwdrcalcium silicates (step (2.2)
and step (2.3) respectively). If the reaction wastlop after the initial carbonation of the
calcium hydroxide, the cementitious calcium carben&aCQ) formed would cause

the increase in compressive strength.

Although a strength increase is observed, as mangoo dioxide laden water invades
the matrix, several new equilibria are established.
CO, + H,0 + CaCQ — Ca(HCQ). (2.4)
Ca(HCQ), + Ca(OH) — 2 CaCQ + H,O (2.5)

In the presence of excess £10 step (2.4), the calcium carbonate is converbedater

soluble calcium bicarbonate. As more carbon dioXadien water enters the matrix, the
equilibrium is moved to the right. The end resudt more water soluble calcium
bicarbonate which can diffuse out of the matrix. the calcium bicarbonate forms,
another equilibrium reaction is established (st&5)j. The dissolved calcium
bicarbonate reacts with more calcium hydroxide donf calcium carbonate and fresh

water.

The importance of step (2.5) is that the fresh witemed in the cement matrix is now
available to dissolve more calcium bicarbonatevi@ling there is a continuing supply of
carbon dioxide laden water, the reactions will corg to leach cementitious material
from the matrix. As the process continues, an m®eein permeability and porosity
occurs. This will result in the lacks of structunadegrity in amorphous silica gel. This

equates to a loss of casing corrosion protectiahzanal isolation.



24 Characteristics of Reaction

The carbonation mechanism in the study is of areige nature in Portland cement
(Onan, 1984). It is not confined to the conversibrcalcium hydroxide alone, but also

includes the removal of calcium ions (Qafrom the calcium silicate hydrate (Ca-Si-H)

process.
CaSi + x HO — Ca-Si-H + y Ca(OH) (2.6)
B-CaSi + X O — Ca-Si-H, + y Ca(OH) (2.7)
Ca(OH) + 2H" + CO;* — CaCQ + 2H,0 (2.8)
Ca-Si-Hy + (x-x") CO, — Cac-Si-Hy + (x-xX") CaCQ + (y-y’) H.0 (2.9)

A calcium silicate hydrate has an approximate caitpm of CaSigHs. The latter
reaction results in the production of a highly poérized silica gel. This is characterized
by the arrangement of the silica tetrahedral imidirhensional array. In the previous
work, Onan (1984) stated that by utilizing infrargglectroscopy, it indicates that this
reaction is preferential to the Ca(QHJO, reaction. It is not clear whether this
phenomenon is due to the kinetics or whether therelting factor is the chemical

thermodynamics.

In the immediate carbonation of freshly preparedi&®ad cement, this reaction is also
tends to dampen the compressive strength develdpauento the lowered calcium to
silica ratio. The lowered calcium content causggmiicant gelation as a result in the
shift from an electropositive dispersion to onettig neutral or slightly negative.

Beyond this point, thinning occurs and at extremiglyh levels of carbonation, the

silicate hydrations are accelerating accordindnéfollowing reaction.

Ca-Si + (n-x) CQ + y H,O — Ca-Si-Hy + (n-x) CaCQ (2.10)

The aggresivity of C@on Portland cement is depending on several fackgart from

the properties of the COnedium such as partial pressure, temperature datvee



humidity, the composition and properties of the eating composition are also taken
into consideration.

25  Cement in Contact with CO,-saturated brine and supercritical CO,

The sequestration of GOn deep (>1000 m) geologic formations requireh@ugh
evaluation of potential leakage through any welsovhich penetrate them (Kutchko et
al. (2008)). It has been proposed that leakage tats than 1% of stored @@er 100

years are necessary for geologic sequestratioa taalble.

There are two exposure conditions that are likehyw¥ellbore cement in a GGtorage
reservoir. Once CQ is injected, some will remain as a separate frémse
(hydrodynamic trapping), while some will dissolve the brine (solubility trapping).
Hydrodynamic trapping occurs because the densig@2 is less than that of the brine
even at the depth of 800 m where C®is a supercritical fluid. Buoyancy causes the
CO, to rise and spread laterally beneath the resengaiprock, leading to
cement/supercritical COcontact. When supercritical GQcontacts with formation
water, it eventually dissolves to form g@aturated brine with pH of less than 4. The

dissolves CQleads to cement/carbonated brine contact.

2.6 Alteration Process

The alteration process for Portland cement duri@g &ttack is a very effective process
(Barlet-Gouédard V., Rimmelé G., Goffé B. and PeranO., 2007). A sharp alteration
front is already clearly observed at the rim of Haenples after half-day of GQ@ttack.
The thickness of this alteration front increasethwime. After a long exposure, the
carbonated samples exhibit a strong degradatiattested by cracking occurrences and
high deterioration is observed in both £fdids and spalling effect is observed on the
sample core. Figure 2.1 shows the samples befqresexe and after exposure (in this

case, the exposure period is 6 months).



Calcite

Cement

Before attack - After 6 months
in CO5-fluid

Figure 2.1: Samples before and after exposure

Porlandite (Ca(OH) and calcium silicate hydrates (Ca-Si-H) of semment are
progressively consumed to produce calcium carbsn@eagonite, vaterite and/or
calcite), silica amorphous gel and water. Figu [#low shows the different zones in
the attacked Portland cement. From the rim towdrdscore of the sample, the cement
sample consists of carbonated zone, a carbonaton, fa dissolution front and a non-

carbonated zone.

Figure 2.2: Different zone in attacked Portland cement

The carbonated zone contains calcium carbonatea sgel and calcium-depleted
calcium silicate phases. Then, the carbonatiort isoa thin front about 50-100m large
of very low porosity and mainly made of calcium lxamates. It contrasts with the

dissolution front that is a zone of high porosityheke calcium silicate phases



progressively dissolve. The uncarbonated zonedsirternal part of the cement. It is

noteworthy that the dissolution front and the cadimn are chemical reaction fronts.

The dissolution front is the zone in which Portlacgment phases react with €@
form calcium carbonates forwards in the carbonationt. At longer exposure duration,
this geometry of reaction fronts is translated tasahe central part of the samples and
relicts of these fronts are commonly observed bac#e in the carbonated zones. This
complex series of “paleofronts” as shown in Fig#8 marks several physical
discontinuities in the sample and participate te weakening of Portland cement in

terms of mechanical properties.

Afler 3 wesks of afiack Paortland
in wet supercritical Tl cament “Paleofromts®

Carbonated zone

Figure 2.3: Several discontinuities in the sample
2.7  Cement Compressive Strength
The compressive strength of Portland cement sangdésd at several durations of £O
exposure, under similar pressure and temperatundittans is shown in Figure 2.4

(Barlet-Gouédard V., Rimmelé G., Goffé B. and Pera O., 2007). From the figure,

30% of strength loss is measured after about 6 sveb&xposure.

10
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Figure 2.4: Compressive strength of Portland cement at diftetiere of exposure

In CO,-saturated water fluid, the compressive strengsedcabout 65%, However, the
compressive strength measurements are very disperémth fluids. It may come from
the heterogeneity of the samples due to the catioongrocess. During the compressive
strength measurements, the carbonation layer crddiese results cannot be used as
absolute compressive strength values but they ateliclearly the weakness of the

carbonate layer or the interface at the front.

After a longer time of C@exposure, the compressive strength of Portlanceném not
measureable for the samples located in the-€@urated water phase due to their high

decrease of their mechanical properties.

28 SEM Analysis

SEM analysis reveals that during the course ofa@bon a pseudomorphosis of the
microstructure occurs converting a majority of aaic silicate hydrates (Ca-Si-H)

crystals into vaterite, aragonite and eventually istable calcite and SiO gel (Onan,
1984).

11



Figure 2.5: Microstructure of Portland cement

However, in comparison to the morphology of thearhonated samples, there appears
to be no substantial change in the “binding franvim the crystals. The latter appear
to be plate-shaped and interlined (Figure 2.6) evttie calcite crystallites appear poorly
developed and intimately dispersed in the micrastme (Figure 2.7).

Figure 2.7: Microstructure of carbonated sample revealing ghositcalcite crytallites

12



CHAPTER 3

METHODOLOGY
3.1  SamplePreparation
Class G oilwell cement (Lafarge cement) is useg@rapare the cement slurry sample.

The preparation of the cement slurry is shown enftllowing flow chart. The cement is
mixed according to APl Recommended Practice 10 1(#ppendix A).

349.0 gram of water and 792.0 gram of cement arghtvasing the weighing scale.

e

The mixture is mixed using Model 7000 Constant 8pdeer

e

The mixer is turn on and the water is pour intorttieer.

e

Then, the cement is pour slowly into the mixer alldws it to mix with water.

i~ -—

Figure 3.1: Model 7000 Constant Speed Mixer

13



3.2  Curing Process

Cement samples are cast by slowly pouring the dedaslurry down the cubicad

!l

mould containing eight cubic samples.

gs

Launching the curing chamber.

-

Samples are cured for 8 hours.

-

The samples are cured under 1500 psi and tempem@itdO0°F.

-

After 8 hours of curing period, the samples are @ldded and being washed

[0

remove grease on the surface.

-

The samples are examined. Only the perfect culmesedected for testing.

-

The cubes undergo the coring process so that theles will be in cylindrical

shape.

gs

The cubes are weighed and the dimensions are neglasur

14



Figure 3.2: Curing chamber

3.3  Exposure Test

The experimental set up in the cement autoclavesex to get the overview of the
behavior of cements with supercritical £€0he set up simultaneously obtained data for
the two exposure situations: @®aturated brine and wet supercritical £50 that the
exposure to both situations could be studied. Fébert below shows the process flow

for the CQ exposure to the cement.

The samples are placed in the autoclave in two mspw
» the bottom crown submerged in brine (1% NaCl) sotut

* thetop crown in wet supercritical C.

e

The Autoclave is pressurized with @t 1500 psi and 100°F.

e

The exposure test is done at different duratiodAsh{8, 72 hrs and 120 hrs).

e

After the exposure durations, pressure is releaksdy over a period of one hou

=

to prevent sample damage in order to remove eatifecfamples.

15



e

The samples are removed from the vessel and welighte

e

Mechanical strength, chemical and microscopic caitjpm are analyzed.

Figure 3.3: Autoclave

34  SampleAnalysis

The samples are tested mechanically and chemicHtigr the CQ exposure to
determine the changes in the cement structure, @@sipe strength and other indirect
measurements. The non-g®xposure samples are also being tested afteruhegc

period to compare the cement structures.

3.4.1 Scanning Electron Microscopy (SEM)

Cubic samples are cut into slices with approxinyaBb mm thick to prepare

D

thin section in axial plane.

e

The depth of the altered zone within each samplesreasured. The results gre

plotted against the exposure time.

16



e

The changes in the structure and the chemistrigeo€ément are analyzed.

e

Microstructural development, alteration front arne tdepth of carbonation afe

examined using the SEM.

3.4.2 Compressive Strength

Compressive strengths of the carbonated sampledeteemined using the OFIT

Automated Compressive Strength Tester.

e

The force is applied to the carbonated sample®mdtant rate until the samples

fail.

e

The maximum loading where the samples fail is tleenent's compressive

strength.

The compressive strength of each sample is measafede and after the GQ@ttack

without any additional treatment. The results aisdiare then being compared.

3.4.3 Other Indirect M easur ement

The weight of the samples before and after expoandethe thickness of the alteration

front are measured.

17



CHAPTER 4

RESULT AND DISCUSSION

4.1  Scanning Electron Microscopic (SEM) Analysis

The analysis using Scanning Electron MicroscoplEM$is done on the samples which
have been exposed to @OSEM analysis reveals that during the carbonat@n,
pseudomorphosis of the microstructure occurs coimgea majority of calcium silicate

hydrates crystals into calcium carbonate (calcge)l amorphous silica gel. As the
comparison, the non-carbonated sample is also zedhly

‘/‘ [ P - - -
Mag= 1.00 KX EHT=15.00kv Date :14 Apr 2010 Time :11:49:55

WD = 10mm Signal A = SE1 Universiti Teknologi PETRONAS
e 8. W “in

Figure4.1: Non-carbonated sample at 1000x magnifying
Based on Figure 4.1, the microstructure of nonwaabed sample shows that there is no

substantial change in the “binding framework” i ttrystals. On the other hand, after

being exposed to GOthe microstructures of the cements reveal thavigrof calcium

18



carbonate (calcite) and amorphous silica gel irsthgcture as shown in Figure 4.2 until
Figure 4.7 below.

3 “td . 3
Mag= 1.00KX EHT=15.00
WD= 10mm Signal A = SE1

Mag= 1.00 KX EHT=15.00 kv Date :28 Apr 2010 Time :10:28:15
WD= 10mm Signal A = SE1 Universiti Teknologi PETRONAS

Figure4.3: Sample in wet supercritical G@fter 72 hours of exposure
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Mag= 1.00KX EHT=1500kv  Date :14 Apr2010 Time :16:26:32
WD= 10mm Signal E1 Universiti Teknologi PETRONAS

Date :28 Apr 2010 Time :10:20:44

WD= 10mm Signal Universiti Teknologi PETRONAS
o & = ] o % < >,

Figure4.5: Sample in brine after 24 hours of exposure

20



Mag= 1.00 KX EHT=15.00kv Date :28 Apr 2010 Time :10:33:50
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Figure4.7: Sample in brine after 120 hours of exposure

After CO, exposure, the growth of calcium carbonate and phuwrs silica gel can be
seen in the structure of each of the cement samigie. calcium carbonate and
amorphous silica gel formation occur rapidly in génin brine compare to sample in
wet supercritical C@(Figure 4.4 and Figure 4.7) after 120 hours ofosxpe. Also, the
formation of a complex series of “paleofronts” cae observed for the sample
submerged in brine.
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The formation of calcium carbonate and amorpholisasgel in cement resulted from
the following reactions;

CO+ H,O — H.,COs (41)
H.,COs;+ Ca(OH) — CaCQ (4.2)
Ca-Si-H + H + HCO; — CaCQ + amorphous Si© (4.3)

The carbon dioxide will react with water in cemeatform carbonic acid (4.1). The
dissolved acid is then free to react with calciuydrbxide (4.2) and calcium silicate
hydrates (4.3) to form calcium carbonate and anmauptsilica. If these reactions would
stop after the initial carbonation of calcium hyxide, the calcium carbonate formed

will cause an increase in cement compressive dtieng

As more carbon dioxide invades the cement mateixeal new equilibra established.

CO, + H,0 + CaCQ — Ca(HCQ), (4.4)
Ca(HCQ), + Ca(OH) — 2 CaCQ + H,0 (4.5)

In step 4.4, in the presence of excess,,C€lcium carbonate will be converted to
calcium bicarbonate. As the calcium bicarbonatenéat, another equilibrium reaction
occurs (4.5). The dissolved calcium bicarbonate reécts with calcium hydroxide to
produce more calcium carbonate and water.

4.2 Alteration Process

Alteration process of the cement reveals a shdgpagion front during the CQattack.

The SEM analysis allows distinguishing the différeones in the attacked cement.
There are four zones that can be observed fromithéowards the core of the cement
sample. After the carbonation, the cement samptesist of a carbonated zone, a

carbonation front, a dissolution front and a norboaated zone.
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The carbonated zone contains calcium carbonateit@al silica gel and calcium-
depleted calcium silicate phases. The carbonationt fis mainly made of calcium
carbonates and of very low porosity. Meanwhile, digsolution front is a zone of high
porosity where calcium silicate phases progresgigedsolve. The non-carbonated zone
is the internal part of the cement that has nonhlatack by CQ

The reaction process of the carbonation starts thighdissolution of Ca(OH)in the
dissolution front zone (4.6) followed by subsequgmecipitation of CaCe@ in

carbonation front zone (4.7). The reactions offfeezess are shown below.

Ca(OH) — C&" + 20H (4.6)
cd" + HCO” + OH — CaCQ + H,0 (4.7)

The formation of CaC® decreases cement permeability and increases tmente
compressive strength. The next step initiated withdissolution of CaC{xresulting in
leaching of calcium ions from the cement matrixttut CaCQ, the cement paste are
no longer has the ability to buffer the pH so tamaining calcium silicate hydrates (C-

S-H) is converted to amorphous silica gel.

H* + CaCQ — C&" + HCO" (4.8)
2H" + C-S-H— C&" + H,0 + amorphous Si© (4.9)

The resulting cement paste of amorphous,3i&s a significant increase in porosity and
lacks of structural integrity.
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Figure 4.9: Different zones not observed in sample in wet srgecal CO, after 120

hours of exposure

These different zones were not observed in samyiimerged in wet supercritical GO
and it indicates different mode of carbonationcktan both fluids. The cement in wet
supercritical CQ had a single reaction front and Caf3fas distributed throughout the
reacted portion rather than isolated in a well di band. Some supercritical &0
exposed samples contained large porous intrusibas deviated significantly from

typical uniform pattern of the reaction. The intaus were only seen in some of the
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samples and appeared to be random and spatialgtedo There were likely artifacts
from condensed droplets of surface moisture orotlier surface of the cement sample

and were not included in the measurements to datertie thickness alteration front.

Table 4.1 below shows the alteration thickness h&f tement samples after €0

exposure measured using the optical microscope.

Table4.1: Thickness of alteration after exposure

Duration
(hr) Alteration Thickness (mm)
Brine Wet Supercritical CO,
24 0.815 0.740
72 0.900 0.810
120 1.060 0.845

Thickness of alteration vs Exposure Duration
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Figure 4.10: Thickness of alteration vs. Exposure Duration

From Table 4.1 and Figure 4.10, it is observed thatthickness of alteration front
increases with time and is greater in samples sudwdein brine than in wet
supercritical CQ at each of exposure duration. This observatioarkiendicates that
the alteration process is more efficient in thendrfluid compare to wet supercritical
CO; fluid.
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4.3  Compressive Strength

Compressive strengths of the cement samples cunder the condition of 1500 psi and

100 °F before and after G@xposure are measured. The compressive strengtie of

samples before the G@ttack is shown in Table 4.2.

Table 4.2: Compressive strength of samples before the €@osure

Compressive Strength
Sample (MPa)
01 18.34
02 14.30
03 12.30

The average compressive strength for the cemerlsarbefore exposure is;

Average = (18.34 + 14.30 + 12.30)/3

=14.98 MPa

After the CQ exposure, the compressive strengths for the cesagnples are shown in

the following table.

Table 4.3: Compressive strength after @éxposure

Exposure Duration (hrs)

Compressive Strength (M Pa)

Wet supercritical CO, Brine
24 79.40 66.50
72 85.20 69.10
120 71.20 63.60

From Table 4.2 and Table 4.3, we can see thatubmge compressive strength of the
cement before COexposure is lower than the compressive strengtheotement after

CO, exposure. This can be explained from the reactomtsir during carbonation as

previously shown in step 4.1 until step 4.3.
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Compressive Strength vs. Exposure Duration
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Figure4.11: Compressive Strength vs. Exposure Duration

Figure 4.11 is obtained when the compressive dtineraf the cement samples are being
plotted against the GOexposure durations. From the graph, we can sek thiea
compressive strength of the cement increaseslipibat then after a longer exposure
time, the compressive strength decreases. Alsa@awesee that the compressive strength
of the cements in wet supercritical €8 higher compare to the cements submerged in
brine. The lower compressive strength of the samipldrine is likely due to the
formation of the “paleofronts” in the structure whimarks several discontinuities in the

sample and participate to weakening the cememtrimg of mechanical properties.

The increase in compressive strength from 24 htmui® hours duration resulted from
the initial carbonation of calcium hydroxide in whi the cementitious calcium

carbonate formed would cause the increase in casiprestrength.

After 120 hours of exposure, the compressive sthedgcreases. This is because of the
continuous supply of COwill let the reactions to continue leaching theneatitious
material from the cement matrix. This will incredbe permeability and porosity which
contribute to the lack of structural integrity amigcreases in cement mechanical
properties.
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In wet supercritical C¢) the compressive strength loss after 120 hoursxpbsure is
10.33%. For cement samples submerged in brinegdimpressive strength loss is about
4.36% after the same exposure durations. Althobglcéments in wet supercritical €O
show higher percentage of compressive strength tbes compressive strengths are
higher than the cements in brine. Thus, we cantisatythe mechanical properties of
cements in wet supercritical G@Qre much tougher compare to brine due to the slow

penetration of carbonation.

44  Weight Changes

The weights of the cement samples measured befateafter the C® exposure are

shown in the table 4.4.

Table 4.4: Weights of the cements before and after the exposu

Wet Weight (Q) Per centage of
Supercritical Before After weight
Sample | Brine CO2 Exposure Exposure increase (%)
1 \ 108.90 109.60 0.64
2 \ 105.90 109.00 2.93
3 v 109.50 111.80 2.10
4 v 101.90 105.10 3.14
5 \ 102.00 106.90 4.80
6 v 102.60 106.00 3.31

As we can observe from the table, the weights ahesample increases after the
exposure. The increase in weights are likely duth¢oreaction of calcium bicarbonate
Ca(HCQ); with calcium hydroxide (Ca(OH)to form more calcium carbonate (CagO

and fresh water.
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Weights of samples in wet supercritical CO2
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Figure 4.12: Weights for samples in wet supercritical {§&fore and after exposure

Weights of samples in brine
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Figure 4.13: Weights for samples in brine before and after syp®




Weights of samples after CO2 exposure in both
fluids
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Figure 4.14: Weights for samplesin both fluids after the exposure

From Table 4.4, Figure 4.12, Figure 4.13 and Figure 4.14, we can conclude that the
weights of the cement samples increase in both fluids after 120 hours of CO, exposure.
After a longer time of exposure, the weight of the sample in wet supercriticad CO,

increases for about 3.36% and 0.70% for the sample located in brine.

45  Comparison between Samplesin Both Fluids

The obvious differences observed between the samples submerged in brine and wet
supercritical CO;, are the outer surface of the samples. The outer surface of the sample
submerged in brine is orange in color and had a smooth texture (Figure 4.15). On the
other hand, sample in wet supercritical CO, appears in light gray color and had a rough
texture (Figure 4.16). Based on SEM analysis (Figure 4.8 and Figure 4.9), the cement
sample in brine revealed the four different zones and the distinct zones are clearly
observed. However, these zones were not observed in sample in wet supercritical CO..
This is due to the single reaction front and the different mode of attack. The rough

texture of samplein wet supercritical CO, resulted from the deposition of CaCOs.
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Figure 4.15: Sample submerged in brine

Figure4.16: Sample submerged in wet supercritical,CO

By definition, ordinary carbonation is the dissatatof CQ in the cement pore solution
of the cement paste, the production of:£@ns and the subsequent reaction witi*Ca
in order to produce CaGQwith the pore structure of the cement paste. Tioegss
observed in samples submerged in brine is typia#llgcid attack and not the ordinary
carbonation. This is due to the rate of acid-basbanation reactions which is much
faster than the diffusion of ionic species in thement matrix. Thus, the cement
degradation observed for cement sample submergewdnia is best described as an acid
attack by carbonic acid.
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The cement in wet supercritical @(Qproduced a slow penetration which yields
carbonated paste that did not develop individustimtt alteration zones (Figure 4.9).
This is likely due to a lack of water to diffusagout of the cement matrix. The lacks of
a dense carbonate barrier allows the reaction toob&olled by the rate of diffusion of
CQO; into the cement matrix. Thus, the cement in wekestritical CQ showed a more
limited penetration and in all cases, the degradatf cement in wet supercritical G

not as deep as the sample submerged in brine.
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CHAPTERS

CONCLUSION

From the results obtained and based on the dissug¢sat has been made, it can be
concluded that, the cement is not resistant entaigiarbon dioxide attack. This can be
seen in the decrease of the cement compressivegtisewhich show that the structural
integrity and mechanical properties of the cemeag heen affected by carbonation.
Under microscopic analysis, the growth of calciuanbonate and amorphous silica gel
in the cement structure were revealed. The formawb calcium carbonate and

amorphous silica gel contribute to the increageoirsity and lacks structural integrity.

Carbonation causes the degradation of cement stescas observed in terms of their
compressive strengths, the weight changes aftdsonation and the thickness of
alteration front. Carbonation contributed to theklaof mechanical and physical

properties of the cement.
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CHAPTER 6

RECOMMENDATION

Although CQ corrosion in Portland cement is difficult to st@gmenting formulations
are now available which resist the leaching actiboarbonic acid. In order to provide a
long term seal integrity for the full life cycle dhe wellbore, proper design of the

cement system for the current and future wellboreldions is crucial.

There are several available technologies that Hasen shown to be effective in
providing long term seal integrity in oilwells. Téetechnologies can provide long term
seal integrity for the full life cycle of the weble if they are used in combination with

each other and supplemented with advanced simnlatiok.

The following section will discuss on the altermatiways or methods that can be
applied in order to improve the Portland based cg¢mesistant to corrosion based on the

previous researches that have been done.

6.1 Modifying Portland Based Cement Systems

Portland cement system can be modified in numbevayfs in order to slow or prevent
the reaction with C@® The main methods of system modification are uceng the
permeability of the cement matrix, reducing the amoriration of reactive species by
dilution with carefully chosen non-reactive matkyiar chemically protecting the
species through some sort of coating. These methads been used with success in

number of applications in oil and gas wells.
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One of the most effective means of reducing thetnaty of the cement with C@is by
reducing the permeability of the cement matrix.sThethod is one of the easiest to
obtain. The most common method use to reduce thmgadbility of cement is by simply
change the cement to water ratio which will incestige proportion of the cement. While
the increase in viscosity can be countered by #geaif dispersants, changing this ratio
will also increase the density of the cement. Havethe disadvantage of this approach
is that not all wellbores can withstand the higgarostatic pressures brought on by the

high density cement slurry.

The permeability of cement can be reduced by addpegialty materials to the slurry

that fill the pore spaces in the cement. The “tadal” or three particle approach has led
to the development of high performance cement systdhese systems can cover an
entire range of slurry densities in which will matkem applicable to a wide range of

wellbore conditions.

The addition of the specifically sized particledlwibt only reduce the permeability of
the cement but also the function to dilute the emti@tion of reactive species. Thus, this
technique offers benefits beyond simple permegbikduction. Latex has been used
successfully in these systems to aid in fluid losestrol which provide permeability

reduction through pore space plugging.

Protecting the reactive species through additiontbér additives in also an additional
method used in modifying Portland cement basedesystThe development of a
Portland based system that completely resistar€@@p attack has been reported by
Barlet-Gouedard et al. (2007).

6.2 Non-Portland Cements

Another approach that can be done to assure tlgetésm seal quality in the annulus is

to replace Portland based cement with non-Porteysiem. Limestone, the principal

raw material in Portland cement clinker is geolalficabundant and forms the basis for
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binder in the Portland cement. The raw materiaégsiue make non-Portland cements are
less abundant and less widely dispersed and mhkes more difficult to obtain. Some
of the examples of non-Portland cements includeiwal sulfoaluminate-based cements,
geopolymeric cements (alkali aluminosilicates), megjum oxide cements and

hydrocarbon-based cements.

The systems are commercially available while ldssndant and selected ones have
been applied in injection wells for decades. Onthefmost resistant systems is calcium
aluminates cement that does not react with.dQis specialty cement has been used in
many applications in oil and gas wells and spediiffan one of the highest rate acid gas

injection wells in United States.

Additional steps in planning and execution phasesrat required in using specialty
cements. These materials are not compatible withRartland cement and operations
must be planned to eliminate the potential for argss contamination. In conventional
cementing, additives do not react the same wahi@sreact with Portland cement with
these systems thus they require additional tegtiiag to their use. The effective density
range for these slurries is narrower than with IBod cement which limiting their

application in some fields. The non-Portland basemhient also has limited availability

and will not be available in some areas.

6.3  Swelling Technologies

Swelling technologies is use to identify materiaiat, when placed in the well, have the
ability to react to changing the wellbore condis@and more importantly the intrusion of
specific wellbore fluids or gases. The interactiorith the wellbore fluids will cause an

expansion of the materials in which resulting ghter annular seal.

These materials do not change the cement itselivibuenhance the seal in the wellbore

if there is an intrusion of particular fluids orsge.
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6.3.1 Sef Healing and Specialty Cements

Failure of a cement casing can occur for a numbeeasons. The common reasons for
casing failure related to cracking of the cemeotrfisome stress change in the wellbore,
followed by de-bonding of the cement casing eifinem the formation of the casing is
indicates by the stress modeling and field expegehese changes can be caused by
the rapid increase in temperature or pressuregredhe to completion or stimulation

operations or simply long term production of thdlwe

The cracks or the de-bonded areas of the cemsimgcean open up the paths for gases
or fluids to flow in the annulus. Self healing certe involve the use of specific
additives that are designed to interact with thgsses or fluids to eliminate the flow.
The technique is similar to that found in swellpackers though specifically adapted to
work within a cement system. The self healing cemevill react to a failure of the

cement casing through their interaction with tloeevihg material in the well.

Other specialty cement systems are also designeueteent the failure from initial

placement of the cement. One of the techniquesrpcates flexible materials in the
cement to enhance the ability to withstand chamgebe pressure environment while
other technique incorporates in reducing the cenvening’s Modulus. The materials
used in these applications can be solid, flexiblditves or foamed cement

technologies.

Many recommendations are now being made that iecthd self healing cements that
contain both flexible and expanding agents. Furtineestigation of the long term
mechanical properties of these various systemglaideffectiveness in changing stress

environments will be required.

37



6.3.2 Swell Packers

A swellable packer element that is placed on thside of the cement casing is one of
the recently developed technologies. This swellgbleker element acts as a passive seal
element and designed to swell in the presence wbus materials. The packers are
designed to swell the presence of hydrocarbon,nveatboth in oil and gas applications.
These elements do not act as the initial seal itbare but in the event of any failure of
the cement casing or movement of gases or flulasy will respond by swelling and

will isolate the flow thus preventing the migratialong the wellbore.

Some applications of swelling packer technologiesehcompletely eliminated the
cement as the sealing in the well. The well hasilskdled with a hydrocarbon based
fluid and the packer element has been designedétl 81 hydrocarbon. After running
the casing to the total depth (TD), the well ig idfe for a period of time to allow the
element to swell and affect an annular seal. Tkésaents are designed to withstand up
to 5000 psi differential pressure across the eléraad have shown to be an effective

method in providing a seal.
Eliminating completely the cement from the annuwlaild not be recommended in €O

injection wells. Incorporating the swelling packeith proper cementing could provide

additional security for long term seal integrity.
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APPENDICES

Appendix A: APl Recommended Practice 10B for Class G Oilwelh€et
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Class G Oilwell Cement

Conforms to API Specifications for Materials and Testing for Well Cementing API Spec. 10A

? 3 Typical
' Chemical Requirements | papiClass@ | | ehigh Inland
; quire | Performance
| MgO max % 6.0 i 3.6
| SO3 max % 3.0 2.5
| Loss on Ign. max % 3.0 ‘ 1.2
| Insoluble Res. max % 0.75 0.16
CGSmax% | 48-58 53.0
| CsA max % " 8.0 2.8
| Total Alkali as Na20% 0.75 | 0.6
i ] Typical
| | |
| Physical Requirements ; RAPI _Class e | Lehigh Inland
= ' Requirements | ,
| | Performance
| Water % by wt. of cement 44.0 44.0
| Soundness % max 0.8 0.09
| Free water max ml f 5.8 3.9
Min compr. str. MPa (8 hours) at temp. | 2.1 3.5
38C, Atm. pressure at temp. 60C, Atm. |
v e | 103 150
| Max consistency 30.0 5 10.0
Thickening Time (schedule 5) &= 550 | 110

minimum (minutes)

The table above compares the properties of Lehigh Inland's Class G Oilwell Cement with the requirements

of API Spec. 10A.

*Based on 250 mi volume, percentage equivalent of 3.5 ml is 1.4%

Uses

Class G Oilwell Cement is intended for use as a basic well cement for surface 2,440 m (8000 ft.) depth as

manufactured or can be used with accelerators and retarders to cover a wide range of well depths and

temperatures.

Lehigh Inland's Class G Qilwell Cement is available in bulk or in 40 kg bags.

Specifications

Due to rigid manufacturing standards, Lehigh Inland's Oilwell Cement has increased uniformity of physical
and chemical properties. Class G Oilwell Cement offers dependable performance over extreme ranges of

well conditions and better compatibility with additives.

For further information on Class G Oilwell Cement, please contact your nearest Lehigh Inland Cement

representative.
Important Note

Because of the chemical properties of all types of cement, it is important to be aware of the following:

Freshly mixed cement, mortar, concrete or grout may cause skin injury. Avoid contact with skin
where possible. In the event of contact, wash exposed skin areas promptly with water. If any
cement or cement mixtures come into contact with the eyes, rinse immediately and repeatedly

with water and get prompt medical attention.
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Appendix B: Gantt chart for 2 Semesters Final Year Project
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GANTT CHART FOR THE 1°" SEMESTER OF 2 SEMESTERSFINAL YEAR PROJECT

TableB.1; Gantt Chart for $semester

DETAIL / WEEKS

Selection of Project Topic

Submission of Form 01 (Title Proposal)

Preliminary Research Work
* Literature review
* ldentifying tools or equipment
required
* Methodology

Submission of Preliminary Report

Seminar 1 (optional)

Project Work
* Methodology Analysis
» Availability of equipments require

Submission of Progress Report
» Literature review
* Project description and progress
» Data gathering

Seminar 2 (compulsory)

Project Work Continues
* Project research continue
» Data gathering

Submission of Interim Report Final Draft

Oral Presentation

MID SEMESTER BREAK

10

11

12

13

14
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GANTT CHART FOR THE 2P SEMESTER OF 2 SEMESTERSFINAL YEAR PROJECT

Table B.2: Gantt Chart for ¥ semester

DETAIL / WEEKS

Project Work Continue
» Sample preparation
» Data gathering and analysis
» Equipment research

Submission of Progress Report 1

Project Work Continue
* CO; Exposure
» Alteration Measurements
* Findings
« Data gathering and analysis

Submission of Progress Report 2

Project Work Continue
e Sample Analysis
* Results and findings
» Data analysis and discussion

Poster Exhibition

MID SEMESTER BREAK

13

14

Submission of Dissertation (soft bound)

Oral Presentation

31" May 2010 — 11 June 2010

Submission of Project Dissertation (hard
bound)

18" June 2010

Process
Suggested Milestone
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