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Abstract

When oil and gas wells reach the end of their production life, they need to be permanently plugge
and abandoned.

Due to the maturity of the fields in the North Sea, in the next decades many of the wells will hav
to be permanently plugged and abanuemddré?lug and Abandonment (P&A) has become

a major focus in the petroleum industry

P&A is the last phase of the life cycle of a well and hence no return of capital from it is expectec
Furthermore, the responsiilibe operatde the abanded wellastdong aftethe wellbore

has been plugged, therefore an efficient plugging procedure will be the main goal for any permane
abandonment.

The requirements for a permanent barrier state that it must cover theeetitre airtiss

wellbag, including all afingealing permanently that region avoidingldegkagésrough

the barrier itself.

This thesis evaluaflgssh based geopolymeranealternativeeaantmaterial fastablishing

a crossectional barrimstead of themmonly used Portland cembith presents some
weaknesses when exposed to well conditions, mainly high temperatures and corrosive
environments.

In order to investigtte reliability of-digh based geopolymerseries of experiments were
conductedsing fly adased geopolymers which were produced by-dioti\adkialn of fly ash.

Several different recipes were prepared using different molarities and activators. Uniaxial
Compressive Strength tests were performed to compatts tlee eacleaipe and those

results showed that higher concentrations of alkali solutions developed higher compressive
strength.

In addition, durability tests were performed to evaluate the resistance of geopolymers in corrosiv
environments. In this case, a safitid? HCI was used and geopolgvesated a better

resistance when in contact with this corrosive substance.

Thepromisingesults showed that theeegseat potential in geopolymageudoreover, if
geopolymers malkssof an impact the enviranentgeopolymers midie regarded as a

good alternative foritigustry.
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1.Introduction

Significant North Sea oil and natural gas reserves were discovered in the 1960s. The earliest fin
of oil in the North Sea was made 40 years ago when Dansk Undergrunds Consortium (DUC) le
by Maersk Oil edltheir first exploratwall[1] A few years later,caldnited Kingdom and

Norway beoze oil and gas produdéxe decadgzassed and presertthgre ee more than
8200drilledwvells in the Kb Sedfigure ) that areither in production, injection or that have

been suspended and awddmiglug and Abandonnfeff)(

Until a few years ago, P&Awasasseena necessary evi | betausem t he
it would not create any additional value or revenue for the operating companies. Therefore
plugging jobs were usually postponed as long as possible in order to minimize costs.

Nor mal | y tonlifeeslalbodt S to POjRiaecauseeven after enhanced oil recovery
strategies have been apphexssurstartsdecreasing amdore and more watarts to be
producedeading to a progressive decreadi@iaductioWhen thamount adilextracted

fromthe reservdiecomeson profitabte its owngethe production will cease. By this time, all

wells will have togmErmanently plugged and abandoned

Figure B alsopresents thevarageage of North Sea Installati@fifshoreenergy.dk records
indicateéhat almost 600 installations in the North Sea were constructed before 1996 and have
therefore reached the age where they should be considered to be defgmmissioned

Average Age

Figurel - Number of wells and average age of installations in thg3Jorth Sea

This problem has become of major concern for oil and gas indusiecapsthtonsimber

of wells needing to be permanently abandoned willapchyase the next3yearsThe
abandonment of these wllibe very costly and time consuming for operators, thesefore the
ofnew technologpd the upgrade of faddndonment procedures toatvgerformed in order

to guarantee an effiti@nd permanent isolation of the wells.
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The life of a well comprig@esimerous stagésconventional life cycle of gfigalie?) can

be divided into five stages.

8-

8-

-
T -
g

Figure - Life cycle of a well

Planning In this phagi#illing engineers design and implement procedures to drill wells as safely
and economically as possible. These procedures involve estiahadiraf theerves, costs
estimation to assereserves and type of equipment needed to reach Tie tplayating is

mainly basedgeological surveysese surveys grerformed through sonic waitasheir
reflectiondhelpng geologistdo idenfy which types of rocks, geological structures and
accumulations of hydrocarbons are present below surface.

Drilling Exploration wells (wildcat wells) need to be drilled to determine whether oil or gas is
presenbr notin a certain areléi.exploratiowells show technically and commercially viable
guantities of oil and gas, drilling operations can start. The main objective is to dal a hole as fast
possible without accidents.

As each section of the well is drilled, steel casing is run lictoctioewehted into place to

prevent the well from collapsing.

This is one of the most expensive stages in the oil and gas indubiy, itrtakeyg place off

shore.

CompletionAfter the well has been drilled it has to be completed and pregEhretiofor

Thereby, different tools are installed insidetthallaelireservoir fluids to come out to surface

in a controlled and safe. Wapls related with well control will be installed on the top of the well
(upper completion) and those ratakeproduction control, will be installed on the Badtom o

well (lower completion).

Production During the production phase the main objective is to extract as much oil as possible,
separating the well fluids aitayas and water pha¥désileoil and gasre producerkvenues

for the operator are being generated.

Well InterventioDuring the production phase several problems might occur which will lead to the
need of a well intervention. Problems due to mechanical failures or evees&vionprove
recoveries can be a reason to fix the well. Operations like scale removal (salts forming in the well

2
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acid stimulanh (carbonates), removing sardeaning sand screens and even perform
production logging to detect water producing fahaiasioosld be sealed can be considered

as ntervention operations as well.

Plug and Abandonment (P&#&)en the hydrocarbon productiois matéonger economical

the reservoir is abandansithe well isealecensuringninimal risk to the envirohmen

Operations to plug the palimanentignd leave it in a safe stateachieved by placing

permanent barriers in the well (cement or other plugging material) in order to seal the well an
avoid gas or hydrocarbons leakages to the surface.

2.0bjective

Geopolymereecently becomeleveloping field of research for replacing Portland cement as the
most widely used plugging material in plug and abandonment operations. Several studies
performed by different authors about geopolymers aptictisiitygpresented promising
results to considlieem as a viatd#ernative to Portland cement.

In this thesidy faskhased geopolymeerestudied as an alternative&A

Samples with higher concentrations of alkali solutions were norqolesetted good
compressive strength results, however they showed high viscosities and relegrt setting ti
needing the use of plastisiand/or retarders to improve their workability.

Therefore, the objective of this thesis was teduntibaiumelbiveen viscositieetting times

and relative gpaompressive strength ressiitg) two different activators and molarities
Furthermoyeadditional experiments were conducted in order to investigapertsher
properties to assdéfsgeopolymease a viabl@ternative to Portland cement inf8ations

3.Plug and Abandonment (H&ggneral
3.1 Definition of Plug and Abandonment

In the oil and gas industiywallsdrilledeither for exploratipnoduction or injectusiti
sometiman their life i@ugge@ndabandonedsuallyvherlogs determine there is insufficient
hydrocarbon potential to develaygelbr after production has ceaBed purpose for plugging
an abandoned well is to maintain all the fluids confinedypat thenkattom of the well
perpetuitypreventinfiuid leakages along the well thereby avoiding the conta#nhicatio
environment by briagor gas moving upward the drill&wagbid this contamination, several
critical intervals of the well must be plugged from the bottom hole {d]the surface
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Moreover, all the area used duringsidbliedi ng
traces or obstructions as if no activity had ever been conducted in that region.

A P&A operation is a complex operation that need detailed planning, thorough cost and risk
estimation, and with large emphasis on safety. It consists of sewtaaipipagdsplugging

the reservoir, and ending with wellhead [gmoval

3.2 Standards

Depending on thegionsvhere the wells are locatéfterentules and regulatiomkich

constitute thguidelinesor propemvell abandonmembcedures are in pldoejurisdictions

where those guidelines are not suppbedlbayory authorities, operators tend to follow their own
internal standards. Most of these standards aensienimy originated in the North Sea

That region has some of t hferemvioonnedbtectiono st st |
andbecauseesponsibilities for well integrity are enduring and any future failure must be remedied
by the operatd[6]

Some examples of these mentioned standards and the locations whptadheyeagavien

below:

1 Denmark A guide to hydrocarbarerises in Denmark or APl Bulletin \&2ll
Abandonment and Inactive Well Practit&s fexploration and Production Operations;
1 Norway NORSOK Standar@ID- Well Integrity in Drilling and Well operations;
1 United Kingdot®@GUK OPO7Guidelines for thespensioma abandonment efls
and guidelines on qualification of materials for the suspension and abandonment of wells.
1 United States of Amerrié®| Bull E3Welbbandonment anddtive well practices for
U.S. exploration and produgherations

As it was mentioned beforejiffexzent regulations in place in the North Sea have similarities
therebyurther considerations in thiswibbde based on NORS@K10.

3.2.1NORSOK-D10- Well Integrity Drilling and Well operations

In 1993, the Norwegian petroleum safety authorities developed a specific standard to create ©
replace the company specifications by a specific standard. In those standards, concepts are
described for developing an action to a desired level of quality.

Fa P&A activities, the most relevant requirements rely under-80MRSOK D

The scope of NORSGKLD is to provide a standard that mainly focus on well integrity by defining
the minimum functional and performance oriented requirements and guidédisigs for we
planning and execution of well operatigisarth Sefr]



1

AALBORG UNIVERSITY

3.3.Currensituation of abandoned wells before standards

Even if these mentioned guid&dtaadardsannot avoid failures, the question that arises is what

Is presently tiearrensituatioof the abandoned wellsiwivere sealdoefore regulatonjes

or standardsddefined proper $ieg and abandonment procediingstheans that wells can
havebeen constructed with poor cement jobs being accepted without any thought for well
abandonment.they are not sealed properly, they can become a significant threat to environment
and remedial job to repair a well previously plugged and abandooest/ywalhd time
consuminghereforehe quality of cementing job between the casing and fignad¢8)ns,

which was performed during drilling operations, will play an importangtelenimstilation
performanad the wejlears later,hen the production is ce§kd

500- 1,500

| feetdeep

Figures - Casing cement

3.4.Types of Abandonment

A well can be abandoned in two different ways: temporary or permanently.

According to NORSOK D010, a well edrarmoned in two different ways: temporary or
permanently. The standard defines Temporary Abandonment and Permanent Abandonment a
follows:

1 Temporary Abandonni#vell status where the well is abandoned and/or the well control
equipment is removed. i§ldene with the further intention of resuming operations within
a specified time frame (from days up to sevetal years)

1 Permanent abandonmitell status where the well vropdne well is plugged and
abandoned permanently with the intenggardieing used centered agaif8]

The focus of this thesis is permanent P&A, so unless stated temporary P&A, the term P&A refer
to permanent plug and abandonment.
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3.5.General operational procedure
3.5.1Procedureshore P&A

Before startimgP&Aprocedurehe well has to fisdledtherefore heavy fluid is pumped into

the wellbore to make the well overbalanced.

Afterwards, a logging is done in order to verify the integrity of the cement on the outside of the are
where the cement plug will be set, as the plug has to extend across the full cross section of th
well, includirmgnnulusand seal both in horizomihartical direct[6h

3.5.2Pulling the production tubing

In permanent abandonment operations, the production tubing/uppéigrom dledinibe

either pulledutor left ithehole buall downhole equipn{émer completion) if possible, have

to be retrieved.

Removing production tubing is a delicate and time consuming operation. It needs special
equipment that can handle high loads and in the case of subseaubetistskl®s or jack

up rigs have to bged increasing the final costs of a P&A operation.

Usually, the normal procedure is to cut the tubing above the production pasiadyi€if, not retri
remove the-tdas tree andstalb blowout prevent@@OBP. Fnallythe tubinggthenpulledup

the wellbori®]

Conductor pipe

Production casing

1
2) Surface casing
3) Production tubing
4) Tubing hanger
I L] I:I Subsea template

5) Casing hanger

g - Conductor housing
6 ) Casing hanger
7) Annulus metal seal - Wellhead housing
8
9

Christmas tree support
Subsurface safety valve

Intermediate casing

S

Production packer

Figuret - Typical upper completion of a subsea well

3.5.3Wellbore Cleanout

After the downhole well equipment has been removed, the wellbore has to be cleaned in order t
removehe fll scale, and other debris covering perforagongirculating fluidthsufficient
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densityto contrgbressurenside the well is used to clean out the wellbore antheemove
unwanted matef@y

3.5.4Establishingarriers

NORSOK-D10 states that a permanent well barrier shall extend the full cross section of the well,
including all annuli and seal both vertically and horizontally asfiustBated in

<3
I

Figureés - Permanent Well barrier design ¢8teria

It isexpectedhat érmation fluidls presence of a possible flowwiditimove from higher
lowempressureones insidbe wellbore. The properties of the formationkrgsstiporosity

and permeability together with the density and viscosity of the fluids will define the path betwee
formations in response to that pressure diffedgntial

Therefore, the plug has to be placed at a depth interval where the logs verified a good integrity «
the existing casing cenétite cement behind the casing is sufficient and in good conditions, the
plugging operation can be initiated.

It is importatd note that, fINIORSOK01Qpressure integrity of casing cement is considered

as a vertical seal but not as a horizontal seal as illdgjtaite@Therefore, casing cement

will not qualify as well barrier element across the wall.
I

k>

Figures - Casing cement as a well barrier e[&h

7
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Multiwall perforations areadtdfferentepthgFigur&) andwhen tubingaced in the wellbore
is perforatedement ipumped through the tubingmodatetietween the tubing and casing
to achieve a wadlwall cemeibiarrier at the desired depth.

Figurer - Perforated tubifid.]

NORSOK-D10 states that thdas to be at least one permanent well barrier between the surface
and a potential source of inflow, but when we are dealing with a source containing hydrocarbon:
there heeto be two well barriers wéhclilde above this source of inflow meaning, above the
reservoir. Cement across a section which is located through the reservoir will not count as a pa
of the permanent barriers because as it was mentioned before, barriers have to be installed aboy
the resevoil[5]

The last open hole section of a wellbore shall not be abandoned permanently without installing
permanent well barrier, regardless of pressure or flowngbismzabée complete borehole

willbe isolated.

If the integrity of ttessing cement is not reliable (low quality or total absence) due to poor cement
jobs during drilling operatiaestablish barrier elementeéxed, therefore the casing and

the remaining cement need to be removed and the hole prepared to be cemented again. In firs
place and according to NORS@K 50 meters of the casing will have to be cut and tried to

pull out of the well. Often, casingval is neasily accomplistdige to factors like collapsed

formation, settled particles of mud or cement. In thesetasesilling has to be performed.

Section millinga time&onsuming operation in which the eastimgis milled awagrovide

access to the annulsshg a bladexill(figure Bwith all the metal debris (stkan§porteid
thesurfacafterwardhrough a viscous milling[8tid

Figure $howssteeldebris after a section millihgse debris can leadgdnous problems

downhole like:
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1 Increasing equivalent circulating density (ECD), the pressure into the well can exceed
fracture pressure leading to a circulation loss. This can result in a mud level reduction in
the well which ceawuse a kick.

1 Clog pipes;

1 Damage equipment like the BOP when circulated out;

PR AA‘.

Figure - Metal debris (swif)]

After the milling is completed, the hole needs to be prepared for the new cementing operatiol
through a process called @eamnun. Finally, underreaming is carried out to increase the hole
diameter. With this last procedure, any previoasigsewill be removed and new formation

will be exposed to allow better bonding and sealing properties for the new cement that will be place
[12]

3.5.5Surface plug and wellhead removal

According to NORSOB1D, afterasings are pulled, the installation of a permanent well barrier
(surface plug) in the last open hole section is mandatory before abandoningigiueenell. From f
5,it is noticeable thia¢barrier has to plug the whole cross section of the el dékseiof

primary and secondary barriers.

Ater the installation of the previous barrier and in order to avoid that any parts of the well car
protrude the seabed, the casing which shall be cut 5 meters below the seabed (either using
explosives or cuttimgves) and the wellhead have to be removed.
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When this operation has been completed and all remaining downhole equipment related witt
drilling and well activities have been removed from the seabed as well, decommissioning of the r
will take place. In the case of subsea wells, if producticesatsmersibles have been

used, this operation is easieiftithan if we are in presence of a platform. In this case, all the
structure has to be dismantled with thousand tonnes of steel and concrete having to be remove
from the locati{5]

3.6.Well Barriers definition

Plugging activities, are related to the proper use of well barriersOQLNOSSOK Dat a well

barrier prevents unwanted fluids or gases to flow from the formation, into another formation or t
surface by using a closed envelope of one oregesmedahd well barrier elements.

A well barrier element is defined as an object that alone cannot prevent flow from one side to th
other side of itgalf

Usually it is germed by placing a cement plug over the reservoir and up to the casing creating a
safety barrier envelojté pressure integrity intact.

The volume of cement needed to set a plug is calculated based on the desired length and hols
diameter (this infotima can be taken from the ldgp)callysome losses due to cement
conamination or the use of spacers have to be taken infbdQjccount

3.7.Furction and type of well barriers

NORSOK -D10lists all types of well barriers and their functions in different abandonment
scenarios hese types of well barriers are described in following table

Tablel - Function and type of well ba8iers

Name

Function

Purpose

Primary well
barrier.

First well barrier against flow

of formation fluids to surface,
or to secure a last open hole.

To isolate a potential source of inflow from surface.

Secondary well
barrier, reservoir.

Back-up to the primary well
barrier.

Same purpose as the primary well barrier, and
applies where the potential source of inflow is also
a reservoir (w/ flow potential and/ or hydrocarbons).

Well barrier
between
reservoirs.

To isolate reservoirs from
each other.

To reduce potential for flow between reservoirs.

Open hole to
surface well
barrier.

To isolate an open hole from
surface, which is exposed
whilst plugging the well.

“Fail-safe” well barrier, where a potential source of
inflow is exposed after e.g. a casing cut.

Secondary well
barrier, temporary
abandonment.

Second, independent well
barrier in connection with
drilling and well activities.

To ensure safe re-connection to a temporary
abandoned well, and applies consequently only
where well activities has not been concluded.

10
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3.8.Positionmof Well Barriers

In NORSOK@L0the positioning and the materials used as welabadessribed as fofow

1 MVell barriers should be installed as close to the potential source of inflow as possible,
covering all possible |eathe

1 frhe primary and secondary well barriers shall be positioned at a depth where the
estimated formation fracture pressure at the base of the plug is in excess of the potential
internal pressare

1 frhe materials used in well barriers shall avitistiad/environmental conditions it
may be exposed to for the time the well will be abbandoned

In figurd.Q a typical well configuration before and after a P&A operation with the location of the
well barrier elemeistglepictedlhe image on theht, shows two types of plugging; with the
tubing left in hole and with tubing pulled.

See
8.83 Typical subsea 9.84 Permanent Well barrier elements Table Comments

production well with vertical abandonment - Perforated well
production tree

Thg. left 1. Liner cement 2

in hole 2. Cement plug 24 | Acioss and above perforations.

1
i
i
i
1. Casing cement | 22
2. Cement plug 24 | Across iner top.
! or, for tubing left in hole case:
i [ 22 |
i . e
i

1. Casing cement
2. Cement plug | 24 | Inside and outside of tubing.

FigurelO- Typical well schematic before and after completed P&48pperation

From the previous figussitown that three barriers have to be used. A primary wadhbarrier
the purpose of behaving as a first hgaiiest a potential source of ifft@rxsecondary will

be a backup of fw@mary The formation strength at the base of the welirestriee abte
withstand pressures from below formations.

According to acceptance criteria of a cement plug described iRIORSOK D

11
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1 The firm plug length shall be I@@asuredepthNID. If a plug is set inside casing
and with a mechanical ptug foundation, the minimum length shall be 50 m MD;
1 It shall extend minimum 50 m MD above any source of inflow/ leakage point;
1 The open hole to surface well barrier is to permanent isolate the open hole from surface
exposed after casing cut and it bagptaced as deep as possible in the surface casing
and with the top minimum 50 m above the shallowest pernzgambterzberow the
seabe(13]

3.9.Full Well Abandonment vsdpegbandonment (Slatdvery)

When a reseanv reaches the end of its economic interest but the well still has value for further
operations, section abandonment is undertaken to extend a wells usable life. This kind of operatic
is known as si@tcovery in which the lower completion (sectitmrelh@iosuction packer) is

plugged and abandoned permanently by setting required barrieftsaahkonalldieedrilled

afterwards, until reaching the desired target depth. Slot re¢bgenains fato$ this thesis.

Ful well abandonmergesformeadthemeither the resenvair the well Isanyfutureutility[ 7]

[51

3.10Placement of a permanent plug

The most important aspect in P&A operations is the placement metigidghthtegh.

is important to have present the definition of a cement plug. It can be defined as a volume of ceme
designed to fill a certain length of casing or qpeoviditey at the same time a seal against

vertical migration of fluid of1g4s

If the sealing material is not properly placed the efficiency and the purpose of whole operation mze
be compromised therefore setting a quality cement plug in a well is dependent on good job plannir
and taking the sgiecwell conditions into acdadhihe placement of the sealing material in

the desired location is not straight forward. Several undesirable issues can occur like channellin
or dilution of the sealing md@rial

3.11Well Plugging Methods

Severainethods for setting a piutpe wellboege availahl&he chosen method depends on
the wellbore conditions and regulaiionall cases tipairposés to pump cement into the well
(slurry) until it reaches the desired location atdepéntadue to the conditipresgure and
temperatuyenside the well, the cement will harden after a numbgt@jf hours

Presenyf,the three most comilgarseanethods are:

12
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Squeezing Method,;

Balanced Plug Method;

Wire Line Dump Bailer Method,;
Two Plug Method.

= —a —a -

3.11.1Squeezing Method

Squeeze cementingasnmonly uséolr plugging reservdirgan also be used when debris

were left inside the wellbore and cement below those debrigria sgedgdnshereasing

leaks were detected. In these caseshvehiategrity of casing cement is not,nediatdement

has to be placed outside this poor cement to epsusealing of that locafiba.placement

of the cement in this method can be achieved using two differerthptateyskmas how
muchadditiongbressures needed to foreement to go down the wellbore until the desired
location. In the calBmidenhead method, additional pressure at the surfaceafteafimied

well is shdm,through the casing valye.the other harfdhismentioneddditional pressure

is appliedy using a punthen Bullhead squeeze méthwsadil0] Both methods are depicted

infigure 11

With the application of this pressure, the pumped slurry will dehydrate and form a high strengt
filter cake in perforations, channels, fractures or against formation. In this aitgr the slurry
hardening will become a physical barrier which will prevent formation fluid movement into the
wellborég]

Pump Pressure Pump Pressure
(Bullhead Squeeze) (Bradenhead Squeeze)

Figurell- Squeezing cement mefhagl

13
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3.11.2Balanced plug method

The balanced plug method is perhaps the most common method usgadhftngiggnd

gas industry and is mainly used to place the mid&lELolug

This method, as illustratédlirel2 intends taverthe containation of cement slurmiby.

In order to achieve that, a spacer fluid is pumped ahead and behind the slurry preventing an
possible contact between the cement and the existiralg iinedvira 6]

While these materials are pumped down the pipe, the mud is forced to move up the annulus spac
behind the casing. This procedure will end when the heights of cement slurry and spacer in the dr
pipe or tubg are the same as in the annulus.

The efficiency of this method is highly related with the control of the viscosities and densities of tf
different materials being used. The risk of channelling of one of the materials through the other ce
lead to undeed contamination of the slurrygeadin improper plugging job.

THE BALANCE METHOD

| Sand or ¢
1 Bentonite |
Pill

Figurel2- Balanced plug metfi@ld

3.11.3Wire Line Dump Bailer Method

If the volume of the plisgsnall and accuracy of the placement location of the plug is needed
then the wire line dump bailer method is the appropriathiotetbdedcribeth fgurel3i

A [15]

In this method, the placement of the slurryvieibithachieved by using a dump bailer on a
wirelineThis tool contains a measured amount of cement which is lowered intoritile wellbore
it reaches previously placed bridge plug below the desir&dittietbiis. impact, the bailer
opens andhe $urry is dumpedhis opening can also be caused by electronic @ichivation

13- B). The dump bailer is pulled out of thafteeNards.

This method presents some limitations due to the volume capacity of the dump bailer, meaning th
in some cases, several runs haveérsfbamei high volume of slisrneededThe depth at

which placement can occur is also a drawback of thi6inethod

14
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On the other hand, due to the simplicity of this method, it can be performed without the need c
using a rig. Vessels or-jarkigs can be used instead.

THE DUMP BAILER METHOD

(Mechanical Release) THE DUMP BAILER METHOD

(Electrical Release)

@

Figurel3- Wire Line Dump Bailer Method (A) and Electrical Dump Bailefg}

3.11.4Two Plug Method

The twegplug method, illustratefiime 14 uses a special tool to set the slurry at a calculated
depth avoiding at the same timgoasipility of slucgntaminatigf7] This mentioned tool,
consisteftwo wiper plugs (installed at tteband at the tophaf toolvhich prevent fluids to

contact each other avoiding any contajnimé#ticettor sub and a cement stinger.

The procedure consists in pumping a spacer followed by a dart (which is located inside the bottol
wiper plug) with cement on top of dailoéeasthe walls of the pipe and when it reaches the
locator, it stepWith the increase of the pressure, a membrane that is located indo the dart rip
allowing cement to continue down the Stiegemment is followed by the other dart (which was
located inside the top wiper plug) and spacer. This secorshtiéneldoealkor sub and spacer

keep flowing further down. prevent the spacer from going all the way down and mix with the
cementhuscontaminating it, the stinger is pulledreboeeerii 3]

First wiper dart Second wiper dart Second wiper dart Locator
sub with
) darts
Locator sub Locator sub with Locator sub with Locator sub
first dart (sheared) darts first dart (sheared)
Cement stinger NI
‘

Diverter sub N !
All Fluids in Pipe and First Dartin Place— Second Dart Pumped—  Pressure Bled Down— Pull Above Cement
Circulating Downhole ~ Placement Continues Pressure Increases Cement Underbalanced and Circulate

(oo [ Spacer [ Cement [

Figurel4- Two Plug Methfdd]
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3.12Verification requirements of a cement plug

NORSOK-D10 describes several verification procedures of the cement plug.

Before plugging a well, the strength of the plug must be verified through several tests on surface
The same materiakve to be usadd the nixrehas to beured under the sawellbore and
formation conditions (pressure and tempeérhtsiggocedure is perfoimedder to verify if

the plug will fulfil its purpoarefficient manner.

After each permanent well barrier iis g&tsition or depth has to be confirmed by means of
taggingThis confirmation is done by lowering down into the holéwahdcil wige previously
measuretbhave it as refereiaatil it reaches the plug, giving the accurate position. of the plug
This confirmation can aksaone through the use of wirelindftt@sposition of the plug is

the correct, the streragtintegrityf the plug can bstexl afterwargerforming a pressure test

[13]

3.13MaerialdJsed in Well Abandonment

According to Dwight K. Si8jtthe ideadealing material for plug and abandonment of wells
shouldhave the following properties:

Readily available and easily mixed;

Be chemically inert andreactive with groundwater;

Provide good bonding across the zones being sealed when properly placed;

Remain fluid for proper displacement and develop adequate strength within a short period

= 4 4 -

of time;
1 Have low permeability when set to resist theuftbtihafuiyh the sealing material and
at the interface along the formations being sealed.

3.13.1Drilling fluid

It was mentioned beforethieatrilling fluid (mud) and the sealant have an important role in P&A
operations.

Drilling fluid enssitkat the well is static, meaning that no fluid is coming upward and through the
slurry. Otherwise, if any movement occurs duriggpthegohent, the setting omtterial

can be inappropriate and pluggiegiahcan become contaminétedmayhdto a decrease

of the compssive strength resistance and in the worst caseéseaaihef@ctive sealing.

3.13.2Portland cement

Portland cement heretofore been the most used plugging material in Pd/e dpe@nens
properties like durabitiéiability and economic factors related with the cost and availability

16
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worldwidéJsually, cement used for cementing operations in the oil industry is composed by neat
cement, sand, water and aggregates.

In P&Athe selection of a cement composti@ated withhe well depth, formation
temperatures, formation properties, and wellbore mud pyppeatgdass A, C, G, or H

(API Spec 10A) cementsuaesl in well plugging operatidjg\dditional information about

API Classification for oil and well cements is ptabi@2d in

Some additives can be added as well into the mixture, in order to improve the properties of th
slurrySetting times can be changed by aeldirters (sodiwmloride, sugars or cellulose) to

provide enough time to pin@gement to the desired dep#ccelerators (calcium or sodium

chloridej is desirable for the slufmatden quickiRispersants can be added in order to reduce
thewater content of the slurries reducing the permeability and therefore, increasing compressive
strength.

Table2 - API Oil Well Cemi]

I Usable Range of API Oil Well Cement

Appropriate Type
Well Depth Medium Sulfate High Sulfate
Grade (m) Common Resistance Resistance Remarks
A 0~1830 v — = Common cement
B 0~1830 — N v Sulfate-resisting cement
C 0~1830 J N J High-early-strength cement
D 1830~3050 — N v Medium-temperature medium-
pressure conditions
E 3050~-4270 — J v High-temperature high-
pressure conditions
F 3050~-4880 — N N Superhigh-temperature
high-pressure conditions
G 0~2440 — v N Basic oil well cement
H 0~2440 — N v Basic oil well cement

Note: “J" means having this type of cement while “—" means not having this type of cement.
The cements of grades G & H are basic oil well cements, can be used under conditions of greater well depth and higher temperature
when they are used with curing accelerator or retarding agent, and are the commonly used cements at present.

3.14 Plugging material requirements

NORSOI010 alsdescribesie functional properties of a permanent well barrier as follows:

Impermeable

Long term integrity.

Nonshrinking.

Ductilénonbrittle) able to withstand mechanical loads/impact.
Resistatrto different chemicals/ substanggs@Rand hydearbons).
Good wtting, to ensure bonding to steel.

= 4 -4 -4 —a -2

Steel tubular cannot be considered as a barrier element unless it is supported by a plugging
material (with the properties mentioned before) that is placed on the inside and outside ensurin
no leakageblrough the interfaces of both materials.
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3.15Reasons for plug cement failures

Failures in plugging ptees are normally due tavfaur reasor8}

Interaction between the fluid system in the wetleandrthslor used in plugging;
Insufficient pjeb preparatipn

Improper placement techniques;
Displacement mechanics.

= = 4 -

One critical factor in P&A operations is the cement setting process. The way how cement plu
interacts at the interface with the wellbonepliaie while plugging job is taking place is one
reason of major concernillihdrfluid is in the wellb@amniinterfere with the correct placement

of the cement plug due to the density differentiatheetwérids. If density of the cémen

plug is higher than the one odirthi@gfluid, cement slurry may drain thitongtead of

displacing it. There are several ways to solve this problem. Usually, a bridge plug, bentonite
reactive silicate Apill o is wused.

Bridge plud@igure 1)5s a mechanical device placed into the well bore to provide a solid foundation
to the cement slurry

Casing
Primary Cement

Cement Cap

Bridge Plug
50-100 ft Max.

Figurel 5- Permanent bridge giLdgj

A bentonite or silicate pill will react with the fluid in place or with the pumped cement in order t
form a viscous or stiff gel. This gel formatiartivél drainage of the cement through the fluid
providing a plug placement at the desired location

Anothemethod to solddlling fluid ameément incompatibility is through correct application of
spacers. These spacers can be congiesethctants or chemicals. Surfactants promote a
watetwet surface and chemicals will reatiefiter cakeo improve cement bonding vital

foran effective plug and placement procedure lpestimete the necessary volume of spacer

being appliedn that case ancomplete mud removal due to an inadequate cement/mud
separatiowhich could letmlhe contamination and loss of mechanical propernpiksjcdrthe

be avoide[8]
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Another reason that can lead to a cementipthg fdhbnge of detwle conditions.

It is widely known that the extraction of hydrdwarbihvesreservoir and enhanced oil recovery
processes will charggnditionbkepressure, temperature and total stress inside the reservoir.

The equilibrium inside the reservoir can be reached after the well has been plugged. If those
conditions weretrestimatquroperlythe plug sealing capacity can become dramatically affected
because @ement integrigilure or cemewick dédonding.

Finally, ltangs oftectonic stressdse tdormatiodisplacemestanalsolead tdractureet

cemenf3][6]

All he previously described plug cement éaduwlescted ifigure 16

#1 I #2
Casing Top of cement or
corrosion y =~ missing cement #3
/) i AN External annulus flow

Flow from inside
to outside casing

i’ agrock damaéeé

#7 @ #11 9
Casing-cement Cement defect/ 445
interface flouksﬁ #10 mud channel  cament-caprock

Matrix flow Fracture flow interface flow

Figurel6- Reasons for plug cement fa[ll@gs

3.16 Requirements for cement slurry and set cement

The main goal of cementing operations, is to pump cement slurry to a desired location that can b
at more than several thousand meters degsurdhceTemperature and pressure inside the

well, withffect the properties of the slurry thus changing the properties of the set cement.
Aperfectement jolsachievedhen a goaktcemenis obtained af@cementing operation.

The quality of this material is dep@mdesgood adhesianiththe other surfaces present in
thewellbore (casing and wall of the forntla¢ioonsolidation strengthtaedyood isolation of

oil and ga@ochannellingnd no leakages

In order tguarantee the permanency of these features in perpetnétitigeamsign should

meet the following requirements:
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Minimum support streindgtie compressive strength of the set cemeibiehalsi¢ato

withstand all forces exertedebgnbvement of the formations;

Increased thermal stabiMghen the set cemiés placed in a location of the well where

the temperature is higher than 110°C, a phenomenon known as strength retrogression of
set cement may occur. Saduitivedjke silica sand, may be added to mitigate this
occurrenge

Enhance corrosion resigtanfedditives can be used to reduce corrosion of certain types

of cement used in cementing operations.

During cement design, important properties that can influence dramatically the mentioned
requirements have to be considered. These propesii¢sdcavath the slurry from which the
cement material will fana are described below:

No ok~ owbdRE

Rheological property of cement slurry;

Cement slurry density;

Thickening time of cement slurry;

Cement slurry filter loss;

Free water content of cement slurry (bleeding of cement slurry);
Compressive strength of set cement;

Set cement permeabllii§]

3.16.1Rheological property of cement slurry

Regarding P&A operations, the study athslology is important to design and execute an

efficient well plugging procedure. The characterization of some important properties will help th
operator to predict the behaviour of the slurry in downhole conditions. Mixab{ptympumpability
capacityand time to pump the slurry to the desireddeeysih) and temperature effect when

placing the cement in the hole, are some of those mentioned properties.

However, a complete and accurate characterization of the cement slurry rheological behaviour |

not easy to be achieved because it is dependent on many different factors. Some of these factot

are

T
T

Wateto-cement ratio;

Specific surface of the powder, and more precisely the size and the shape of cement
grains;

Chemical composition of the cemdheaethtive distribution of the components at the
surface of the grains;

Presence of additives, and mixing and testing prficgdures.
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Rheology is one method for material characterization. The flow and deformistion of materia
response to applied stresses is related to properties like the molecular weight and molecular weig
distribution.

To describe the flow of any fluid, equations of conservation of mass, momentum and energy ar
commonly used. These equations reldééottmeation of the fluid (strain) to the imposed forces
(stress) using the relation between the shear stressaaddbe(shear rate tengor (

From a theoretical stand point, we can consider a case of a fluid which is contaned between tw
parallel plates of equal area of eviedmovingvith a velocity ig(rel?).

The shear streagpresents the force per unit area which causes the fluid to flow or shearing, which
means the speed at which the intermediatedegevgimrespecttach other.

y

A
=V
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Figurel7- Flow between parallel plates (upper plate is moving afMglocity V

In this case, we can conclude that the shiearsratpiivalent to the velocity gradient, since
2 26 2 fo ’Q‘.ﬁ )M COHMI 01 & Q¢
Qw0o QoQwm Qo & o MU 0T
In the previous given example, the shear rate is uniform, therefore equal to the velocity of the
moving plate divided by the distance between the plates (e). Thestré@zeg#te shearing
of the liquid.
The force necessary to move one of the plates at a given velocity Vasttepeteteal
friction of the fluid. Tiakieof this friction is determined by a fluid property called viscosity. This

property is @ieed by the ratio between the shear stress to the shear rate.

Z
°F
From this definition of viscosity, it is easily concluded that feitylighigigsomeaning with
high internal friction, the amount of force required to induce its ni@veigent will
The shape of the curve or rheogram (a diagram on wsticksslueariscosity is plotted as a
function of the sheate) of the fluid gives the operator an idea about the behaviour of the fluid
based in previdystudied models. These nsoale dividedto two groups: Newtoaladh

nonNewtonian fluid based models
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Common fluids, usually are included into the Newtonian group. In these cases, a relation betwee
sheatrates and viscosity is very clear (shear stress is proportionag wf ieeagt
Characterization of the behaviour of thesks Stidight forward g@hdoretically a single
measurement of shear stress at one shear rate is enough because the rheogram of the fluid is
straight |l ine of sihope (d) passing through
Cement slurries are not included in the previousegaosgement slurries show a-time

dependent behaviour which means that the viscosities of these fluids are not @mly dependent
the shearate but alsmthe past shear story. This time dapsnd due tioe following factors.

One of these factors hygical interactiobstweertement particles in susperduoimg a

period of tim&hichcanchangats structure (and therefore the rhiofagitionallythe

continuous chemical reacti@yhange the properoéshe cementith time.

The structure of fluid is affected by the fluid deformation, thereby in order to reach an equilibriur
structure a sheate has to be applied for a sufficient period Af thatemoment the
correspading sheatress can be obtained through the viscometer. During this period of time, the
structure builds up or Be@kvndependingnif the previously applied staarwas higher

or lower than the current rate until it reaches an asympidtis phkreomenon is known as
thixotropgind is describedigufe 1$16]

Shear Rate

-~
-

——————
-
-

Time

(b) Structure Buildup

Figurel8- Time dependent response of a thixotropic fluid to a step change[it6§hear rate

Timeindependent models were studithe pasb describe the behaviour of different fluids
Eachone of these rheological mbdesis mathematical expression for the shear stress or the
viscosity as a function of the-shtegfigure 19)
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CommonlynorNewtonian fluids are divided into two groups regarding the trend of viscosity
related to the shear rate. If viscosity decreases when shear rate increases, the fluid is called shea
thinning. On the other hand, if viscosity increases when shear rate increases, then we are ir
presence of a shdlaickening flJit6]

Bingham Plastic

-
Herschel-Bulkley

(9]
9]
o
)
& Power Law
2
1)
Newtonian
Shear Rate

Figurel9- Examples of flow curves used in the petralstmpli6f

It has been shown that cement slurries, are usually included in the shear thinning group of nor
Newtonian fluids and the most commonly used models to describe the rheolodical properties c
these slurries are Bmgham Plastimd the Poweaw modeld15] The main difference

between these two models, is that in the case of Bingham P{egtiatioodBk minimum

stress is required in ofdethdluid to flow. This minimuess is called yield stiegsndin

oil and gas indudtnis stress islevant becausmterferewith the power required by the pump

to starflooding theystem, when pumping fluids into the well. If the obtained rheogram is fairly a
straightine (Bingham Plastic model), extrapolating this line to a shear rate equal to O rpm, the
corresponding shear stress value will be the yield stress.

Bingham plastic model asstinaasbove the yield stress stiear stress is linearly related to

the shearate.

ThePower law model, cardbscribed as accordmg guat i on 2 on which Al
consi stency i naf eodewdonian béhaviour of the fluid. &ateheagy

fluids, these dimensionless parameter is alwaybamaller t

In many casé®pwer Law modah belotted on a kag plotn this wayhet - grelationship

of the powdaw model is linear.

Another model similar with Bingham plastievithodieéar thinning behaviour is Herschel
Bulkleyequation)3n this model, the yield stress is also a property which is needed to be taken
into account when a rheolagjiody of a slurry is performed.

Similarly as in Power Law miodkls case the rheograafsicurved.
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In all previous casésecorrespondingscosity measgr at any particular shear(egaparent
viscosityd 6) decreases from infi ni t)atinniteskearr o s h e
rate[16]

| r P
T Qr G
Tt Qo o

3.16.2Cement slurry density

Cement slurry denbiftg to be higher than the densitg dfilling fluid in the Welveveit

has to be lower enough in aateo exert a higher pressure than the formation pressure which
could lead to formation break and a kick.

The density of the slurry affieetflowability of the slurry and the strength of set cement as well.

3.16.3Thickening time of cement slurry

From the moment that aliuerials needed to produasethent are mixed, the cement slurry

starts thickening dughecontinuous hydratiorthefcement. The period of tifncenthe

moment when the mixture is ready until the flowabilitghufatienai@rial is lost, is known as
thickening time or workability. This periodsobftimajor importance becabas tb be long

enough to ensurepumpingfcement slurry to the desired location in the well.

The thickening time can be evaldated) the design of the cement through the use of a
pressurized consistometer which can simulate the conditions of pressure and temperature that tr
slurry will find inside the[®&ll

3.16.4Cement slurry filter loss

Flter loss of cement sligmelated with the loss of the free water content in the cement slurry.
This free water is released from the slurry and infiltrates into the formation through the borehol
wallleaving the solid components bétisdaspecth to be controlled in the cement design
because if the slurry loses water in excess, it will lead to a rapid thickening time, reducing the
flowability of cement slurry. In this situation, the time to a slurry to be pumped until the desirec
depth or locati can be serioudigninisheendangerirtge efficiency of the cementigybb

3.16.5Free water content of cemeny ghieeding of cement slurry)

During slurry placement into the wellbore under pressurecéuig.loss
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Bleeding of cement slurntypiaatvenwhid occurs during the curingcefreent slurry and

is related with the release oiMagsr from the slurry, leading to a continuous water phase
formationfwo problentsin arise, ifis bleeding not controllechél'possible formation of a
continuous water channel on thithgpoement inside the annulus and an increase of the density
of the slurrin the first caskig camodifyhepredicted setting time of the glargby affecting

the efficiency of the sedliBin the second case, changes in the density of tlaa slanse
cementing failures due to excessive increases in slurry viscosity duringsplatensss,

fluid loss agents are conynased to control water loss sliutlieso retain the liquid phase

in the pumped systeEysample of a fluid loss agent candsbahydrate compound selected
from the group of weersoluble polysacchariy

3.16.6Conpressive strength of set cement

The force that a set cement can withstand is one of the most important features of the set cemer
The set cement has to be able tothesmessures exerted inside the well, before rupture and
without losintg mechanical integrity

As a reference, Wan R¢hlelaims thdil\tleast a compressive stren@bdfiPa stuld be

achieved by set cenduring an efttive time in order to cortiecbperations of putting the

wellinto productian.

3.16.7. Set cement permeability

One of the main purposes of a well barrier is to avoid gas or hydrocarbons leakages to the surfac
Therefore the permeability of the set cement has to thee [l exteimt order to those

leakagesot occuAccording tbe literatuf@1] theacceptable valuegpefmeabiligre less

than 0.10 mD.

3.17. @Grrosion resistance

Presently, the use of acids is widely used as a method to stimulate or improve production in case
where formation has low permeability. The possibdéglmigineterial inside the well to be

in contact with corrosive substasdixely reasonateoccur leading to the deterioration of

sealing material endangeringntbgrit andcompressive strengthwell barrierSherefore,

chemical resistance is a necessary propartgminting oil and gas wells.
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3.17.Brief descripti@f acid stiulation

This low permeability can be either due to the presence of debris like scale and rust which cai
restrict the flow in the wellieto natural low permeability of the formation.

In the first case, an acid treatment known as acid wasirnimgdsgrettthe purpose is to clean

the tubular and wellbore. In these cases, mixtures containing HCI are used.

In the second case, when the formation is composed of rocks that dissolve in contact with an aci
such as carbonate, limestone or sandstoaggeittemique known as acidizing may be required.

This proceducensists of pumping acid down the well. The acid will go down the tubing, entering
into the perforations and contacting the formation. The pressure exerted by the continuous pumpir
process M/force the acid into the formation dissaddngnts and mud solids thattabiing

the permeability tbé rockenlarging the pore spagesducingrighly conductieceannels
(wormholesyhich will provide a path for the oil or gas to enter the well through the perforations.
There are two different methods to perform this type of acudhieaiffemin the pressure

that is applied during the pumping of the mixture. Ifrthet@ads pumped with a pressure

below the formation fracturing pressure we are in presence of a matrix aditzir@nethod

- A). On the other hand, if the acidic mixture is pumped with a pressure above the formation
fracturing pressueading t@racking or fracturing of the formthgomethod is known as

fracturing acidiziffggure 20 B). The choice of one of the methods slepefarmation

permeability.

Figure20- Matrix stimulation (A) and eaidufring (B22]

There are matypef acidvhictcan be used in well stimulgtidsHydrochloribydrofluoric
aceticformic, sulfanaadfluoboric acids a@mesxamples of those acids.

The most commonly usethenoil and gas industry in carbonditeestontormations is
hydrochloric acid.

According to literature, the used HCI concentrations are within the range owitb%hand 28%
most common beiro.

In sandstora shaléormations, hydrofluorid @dF) is more efficient instead. It can be used in
combination with HCI, if some carbonasdsraieepreseintthe sandstone formation.

After an acid job is complatpdocess called backfisgierformed in order to renhevacid

and sediment®i the reserviR][23][24]
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3.Gapolymerasanalternative teortland cemeint P&A

It is widely known that, the most important ingredorvarthenal concrete is the Portland

cement, however, the production of cement not only emits large amounts of carbon dioxide to th
atmosphere but also requires high engmgtamal resources consumpiewvertheless the

need of this material wilemse for the next decades in order to meet infrastructure developments.
However, the question that arises is: how modern societies will deal with this situation?
Alternative binders to obtain concrete, haveutwidnedf investigated in order tgatatihe

problems mentioned bdRB5§26]

Particularlg the oil and gas indu$toytland cement due tioviscost, easy availabigtative

reliability through tifpermeability and durability propertids)ithe met commonly used

material in cementing B&& operations. Nevertheless, it presents some limitations related with
shrinkage, permeability (allowing possible gasnméichxasicaistability &aigh pressure and

high temperaturldRHTJ conditions, integrity when exposed to corrosive environments, low
ductility and loteym durability conc4a1g

Decidinghe best sealing material in P&A operations is notrwaedghtfd it will differ

depending on the particular characteristics of each well. Mechanical properties of the sealing
material depend on downhole conditions before and after permanent plugging.

Currently, companies are developing and investigatargenevioienulations with high
performance or even cements based in new materials in order to perform an effective and efficiel
zonal isolation during the entire life of thbevefbre, sorstudies have been perforimed

order to investigate alteraatiaterials for P&A operations, with better chemical and mechanical
characteristics to withstand the conaitiotisned before

Several different types of material have been studied and asithefjdopedymera/hich

accorthg to seversfudies, presetctiemical and physical charactettistianakes it a viable

alternative to Portland cement as permanent barrieMare®8sy, gedpmershave the

additional advantagsighificantly reduced Greenhouse emissions

3.1.Definition @eopolymer

In1978, Joseph Daviddeitsexdhat achemicaleaction between an alkaline liquid with silicon

(Si) and aluminium (Al) present in a source material of geological origin would produce binders ¢
a product of the reactBecause of the gepbal origin of the source material and type of
chemical reaction (polymerization), Ravidmed this type of bifidére o p ol y mer 0 .

In his studies, othespbgduct materials such as fly ash and rice husk ash were used as well.

The chemical composaidhegeopolymer material is similar to natural zeolitic materials, but the
microstructure is amorphous.pdheneraion process involves a substantially fast chemical
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reactiominder alkaline condgionsilicon$i - aluminiunmA{ minerals, that results in athree
dimensional polymeric chain argtrungure consisting éD8i-O bond§28]

The main difference in the performance of these materials when compared with Portland cemer
is due to thehemical structure and activation mechanism.

Portland cement is composed of Calcium Hydroxide and Calcium Silicate Hydrate where as
geopolymers are based on aluminosili¢29¢ gel

A comparison of Portland cement and geopolymers is descriB&d in figure

Portland Cement Slurry Geopolymer Slurry
Ca0+SiOz ALOs+Si02
1450 C Calcination lSOto IQOC. ' .
+ Alkali activating solution
Clinker phase -Si-0-Al-O-
l Hvdration lPoly‘condensation
C-S-H + Ca(OH): Aluminosilicate gel

Figure1- Comparison of Portland cement slurry and geopolyni2®ic slurry

3.2.Constituents of Geopolymer
3.21. Sourcklaterials

A source material is a material which is used as a binder, instead of Portland cement or othe
hydraulic cement paste, to produce cement.

In order forraateriab beeligiblas a source material for geopolymers based osiddateina

has ¢ be rich in Si and Al

There are many different materials from different sources that can be suitable for production c
geopolymers since they have in their chemical composBi@mdAdstigmorphous form. In

the last years, several researcherdban investigating different mifigealsolinite, clays,

etc) and industrialpyoduct materials with promising results. Soméwpptbdeet materials

can be for instance, fly sitbha fumeJjag and calcined kaolin.

Which source material shall be used to produce gedepgnumst only on the type of

application but atsethe availability and cost of that particular source material.

3.2.1.1Fly ash

Fly ash is the residue of coal ash, created during siercaiteal in electrical power plants.
During incineratidre toal that is not incinerea@dbe collected in form of dust either from the
bottom of the boiler (bottom ash) or from the flueT(ilg psb@ss is presented in figure 22
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Figure2- Coal fuelled power plant prg2glss

Large quantities of coal power plants fly ash are presently generated around the world and as th
need for power increases, the volume of pilgdistedill increase as well.

When fly ash and other coal combustion residues are produced, they have two possible fates
recycling or disposal.

Some of those quantities are reused as cement additive and other applications but most of the f|
ash produces not effectively used, and a largef iizhas to be dispasedisposal sites like

landfills, abandoned mines and quarries.

The components of fly ash can vary considerably, depending on the properties of the coal bein
burned. Nevertheless, theesome common substances to all fly ash, like substantial amounts

of silicon dioxide (§i@nd calcium oxide (CaO). The two most common types of fly ash are
differentiated by the American Society for Testing and Materials (ASTM) and several scientifit
articles, as either class C or class F. According to ASTM, the main difference between these
classes is the amount of calcium, silica, alumina and iron present in the ash. Fly ash class F
typically presents an amouda@tinder ten percent by weight. On the other ha@dflglass

ash has a Cagantent higher than the previous one and tiseaéforkenown as high calcium

fly ash.

Class F fly ash has been used typically to partially replace Portland cement in concrete because
is superior to Class C in mitigatinguljmhhtand alkalsilica damage.

Due to the presence of high coofesakium in the composition of class C fly ash, cement can

be produced without any Portland cement, only mixing to the mixture enough water to hydrate ar
harder25][26]

In the production oflioary Portland cement (OPC), carbon diox)dengiS€lons are

generated by carbonate oxidation in the cemenbdudtEmpprocess. Accordiiyénds

in gbbal C@emissions: 2014 Repdrément clinker, the largest etorbustiosourcesf

CQ from industrial manufacturing, contributed to about 4.8% of the total global emissions in 2013
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Fuel combustion emissions efeld@ed to cement production are of approximately the same
level, so, in total, cement production accounts for5%ughbydbal €émissionsThereby

the idea of substituting cementdshfig commonly presented as asmoesaduce carbon

footprint. However, this idea is only correct if the production of fly ash is not taken into accoun
because as stated bgrimtional Energy Agency (IEA) regarding 2012, coal combustion in coal
fired power plants which is the souressbf there responsible for 28%@misions from

fossHuel combustion.

It has been shown that, to manufacture one ton of ORE CGdes tarbeased due to the coal
combustion but on the other hand, to produce one ton of fly ash, around twenty te thirty tons of C(
will be generated by the burning #%joal

3.2.1.2Microsilica

Like fly asmmicrosilica is a-psoduct of the industrial manufacture of ferrosilicon and metallic
silicon in higbmperature electric arc furnaces.

It can be defined as a mineral admixture composed of very fine solid glassy.ddbstes of SiO

of the particles dess than 1 micron in diameter, generally 50 to 100 times finer than average
cement or fly ash particles.

Microsilica belongs to the class of siliceous and aluminous materials also known as pozzolan
which is a kind of material that in presence ofagtatestimalcium hydroxide form

compounds possessing cementitious properties providing a more uniform distribution and a great:
volume of hydration proddaldithnallyas it was mentioned before, because microsilica is
composed by very small particles, when added to a cement mixture (§liee) alenagse

size ofpores in the paste leading donsiderable improvement of strength and durability of
cemenf30]

3.2.1.3Alkaline Liquids

It was found that with alkaline liquids having soluble silicate (either sodium or potassium silicate
the polymerisation process is more efficient due to the high rate of chenicatefaetions

a combination of sodium hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate ¢
potassium silicatespectiveljnave been the most common alksdilutions used in
geopolymerization

The silicon and aluormmof he source materiehcting with the alkaline Jifprichs the

geopolymer paste that binds the aggregates and other unreacted materials.

Silicates are most suitable as alkaline activators because they contain dissolved and partiall
polymerized silicon, which reacts gasilyporating into the reaction products, and significantly
contributing to improving specimens characteristics
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As complementamgformatignsoluble silicates gmepared by fusing sodium or potassium
carbonate with sand or by heating sodium or potassium hydroxide with sand under pressure. Thes
solutions are very soluble in water, but the glassy solid dissolves slowly, even in boiling water. The
present adhesipmperties and are fire resiggaht

3.3 Geopolymers perties

There are several different factors which can influence the mechanical and chemical properties
geopolymers, such as:

Curing temperature;

Curing time;

Type of alkaline liquid;

Molar composition of the oxabeEentration);

Amount of CaOKand the molar&Al ratio in the source material;
Liguid to solid ratio (L/S);

Water/Solids ratio (W/S);

Alkako-silicate ratio (A/S);

=4 =4 =4 4 4 45 4 4

Curing temperature and curingldimebnly affect the compressive strength of the geopolymer

but also the setting tibwring the curing process, energy in form of heat ispyookedédr
polymerization/hardening to occur. When the curiadgurenipenreases, polymerization

becomes more rapid leading to a decrease of the setting émerdf the c

Boththe previously mentioned fachansgehe mecharatproperties of the geopolymer and

the ratios will play an important role in the digbglurries as well, anB&#x operations

this isan important matter.

According to several studligh, concentration®xides wiknd tancreaseéhe viscosity of the

slurry anthe strength of the geopolymer cement up to a certain colmoéotratfooh a

lower rate of polymer formation is produced t@suléngease of developed stré3jth

Regarding the ratios present into the igns tessy will also affect the viscosity of the, slurries
settingimeand theroperties of the hardened cement obtained from that particular mix design
This is the cabecause they relate the amount by weight between tesbtjdidaarients of

the mixture

High water content in the mixture, decreases the stability and delays the thickening and the settir
time of the suspension, which is not compatible with the well cementing at different temperature:
Furthermore, it affects the density hirtiievehich is not compatible with well cementing where

the density of the suspension is imposed by the pore and fractof¢hgf@seatoiR1]

The expressions and ramgekese ratios (for well cemeptinmpses) are presetritelbw:
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The molar $o-Al ratio in the source mateaialbe adjusted in order to control the setting
properties of the slurrfesit was mentioned before, in P&A opethBosetting time of the
slurry is a crucial factor because the dpestiavaluate if the pump is capable to pump the
slurry to the desirechlion or depth before it sets, in a certain period of time.

According thteraturd33] generallyfi i n c r e 805 éesd to atcelekdte gedting of
geopolymers while addition efrBiits the setting. Nevertheless, increaseuh®i@ tends

to produce microstructures with | ow porosit
However, dased in several experiments and meadargredormed in thisentioned
investigatiothe authors claihat anncrease ieither alumina gilica, accelerate the setting
with an optimal gi&}Cs ratio in the range 3200 Moreover, the authors also repbated
fDecreasing of the #®0s ratio (or increasiA$Os) favaors higher strengths reaching a
maximum aroundiQ/AbOs ratio 3.50 and remains constant theveafter.

These trends are depicted in the foflguiez

100 T ] ~A, T

Final set (min)

(ed ) pauaags darssaadwo))

+ + + u t t t t 0
2.57 2.87 320 3.27 3.50 4.00 4.22 4.22 426 4.26 4.32 4.32 453 479

SiOy/ALO;
W Final set (min) —— trendline of final set

A Strength (MPa) —-- trendline of strength

Figure3- Final setting times and compressive strength with resp&bDioa8iqB3]

It can be observédatto producgeopolymers with longest settingunidneasonably high
strengths the SI®0; ratio has to be within the rang83Q0
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3.4 .Manufacturing geopolymers

A highly simplified reaction mechanism for geopolymerization is pgesen®daha it
describes schematically mha&in processes occurring in the transformationotfl a s
aluminosilicate source into a synthetic alkali aluminosilicate.

Aluminosilicate Source

e | Dissolution
”1_-1) 14_"‘20 >

OHaq)
Aluminate & Silicate
-— Speciation
o l > Equilibrium
S o
AR LR
Hp(—l ) Gelation
v
N O b O 4
., Gel1 I,
}:“ ‘6{ ja prd

U aat
“20‘_1 ) Reorganization

H;Oﬂ—l ) Polymerization
and Hardening

Ay
L o S

Figure4- Conceptual model for geopolymerj3édiion

Generally, this reaction mechanism can be divided diffetierge stage®issolution,
condensation and setting.

Initially, the dissolubb®i and Al atomshaf solid aluminosilicate present in the source material

by alkaline hydroly&stion of hydroxide igmsguces aluminate and silicate spetigs. In

stagewater is consumed due to alkaline hydrolysis.

Afterwards, species released during dissolution are incorgbeategu@das phase which

may already contain silicate present in the activating solution. The mixture of all these specie:
(silicate, aluminate and aluminosilicate) will re@pleciagon equilibridhis chemical
Afspeciationodo equilibrium means that the eql
total amounts of each individual species present ilthieusdiatause of the concentration

of each one of those individual sfi&gjies

Because we are in presence of solutions with high pH, the mentioned dissolution of aluminosilicate
is fastleading ttheformation ofsupesaturated alurosgilicate solution @sda consequence

the oligomefsrm large networks by condengegganization of structuf@i#¢n, Hese

networks are noticeable due to a gel fortdhmntime, the water which was consumed during
dissaltion is released.
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The system keeps evolving while the connectivityrtihergehcreases generatincea

dimensional aluminosilicate ngsedtik@r polymerizat)g84][36]

The properties of geopolymeric cement depend on geopolymerization which needs energy to occt
This energgan beprovided bgimbient temperature or heat from an oven. In this case, the
geopolymerization is faster and according to several artictEsndretisive strength
development is achieved.

4.Experimental conditions

Theaim of this experimeptaigranwas to studyifferent materials, wiugtld presean
equilibriutmetween viscositisstting tima®lative gabcomprssive strength results and good
resistance to hydrochloric acid, in order to be used in P&A.

To conduct the experiments several test specimens were @uodiecgably¥meric mixtures
using two different concentrations of alkali solutieas dififeint silicates, were usef
mixture based in Portland cement class &sovasenh ordeto suppods a referencte
results obitaed from the tests with the geopalymers

In addition, a physical characterization of the raw materials wasedlso perform
Afterwardssome of the propertes featuredescribed in the previous chaptéish are
considered requirements for an efficient sealingimettdetd be applied in cementing
operationsyere investigatadd are discriminated below

Rheology ofétslurries;

Viscosities of the slurries;

Setting time of the slurries;

Densitie®f the slurries;

Chemical and physical stability at high temperatures;
Mass loss;

Bulk shrinkage

Compressive strength

Resistance to HCI.

=4 =4 =4 4 4 45 4 4 -5

Equipment and pedures are described in this captamecdesults are presented in chapter
5 and comparison and discussiesutis arperformed in chapter 6.
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4.1 Equipment
4.1.1 Viscometer

In thiswork the rheological studies were performed esaxial cylindeiscometer FANN
modeB5 SAf{gure 2b Theslurry is confined between two concentric ayithddifferent

radius such aBRZ > R1{FHgure 26 Oneof these cylinders rotates at a certain JValdicity.

model, the outer sleevelmarmotated at six different rotational speeds (3, 6, 100, 200, 300 and
600rpm).

In this model, the slurry, contained in a large recipient was shednedbétwsiereve (rotor)

ard the inner cylinder (lwalich is attached to a torque measuiceyTde/torque required

to rotate the bob is measured by the viscometer.

By dianging speedseveral viscosity rangesemeasured.

Figure26- Schematic representation of a cylindrical vigtéin

The readings were obtained following the procedure described in APl Spec 10 (1988). The
mentioned procedure begins by shearing thehtuitighest rotational speed for one minute

before recording the corresponding torque reading. Then, the rotational speed was decreased t
the next lower rotational vetimiyto the minimum, obtaining the corresponding readings after

20 seconds aftation at each shear rate.
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The equations and constants provided by the manufacturer in thenerstraeéosnsised

in order toalculatéhe viscosities at different rotational velocities, taking into acceunt the rotor
bob combination used invibik

Those equations are presented below:

RO Od OO v 0
DO 01 @WaEMia ©F v 0 —

And értheR1-B1-F1combinatiathe following constants were provided

K1 - Torsion constant, dyime/degredeflectio(386);

K2- Shear stress constant for the effective bob sui{@d1, 321

K3- Shear rate constant,5per rpn17023;

N - Rate of revolution of the outer cyihderl00, 200, 300 and 600rpm)
d- Fann viscometer reading

4.1.2X-ray Fuorescence (XRF)

An Xray fluorescence (XRF) spectroRigi@kuSupermini20@igure 2) wasused in the
experimental work in order to make a clvemipakitioanalysisand determination of
elemental concentration by weighe fiash and micro silica.

Ths analysiss based in the behaviouheftoms of the sample when they interabewith
irradiated-radiation.

When an intenseay beam illuminates a sample, some of the energy iaisdattesstired

by a dedctor. The rest of the enisrgiso absorbed within the sample in a manner that depends
on the chemical composition of the sHmepigpe of atoms present in the sample will define the
spectrum of wavelengtlrescencej the scattereda§/g37]

Figure7- X-ray fluorescence (XRF) spectrometer

4.1.3Dynamitight Satteringnalyse(DLS)

The patrticle size distribution of the fly ash and micro silica was provided by a Beckman Coulte
DelsaMax Pro light scattering andityse9).
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In this kind of equipment, the illumination of the sample is performed with a laser beam, resultin
in light scattering that is detected by a sensitive photon counting module. Afterwards, a correlatc
isused, to translate the pattern of the light scattering intensity fluctuations to a measure of diffusio
speed, thereby providing a value for molecule or p§3&le size

Ageneraschematic afDLS is described infigare belaw

Laser

Small Large
Particles Particles

Intensity
Intensity

Time Time

Figure8- General schematic of [38%

A controlledolution was previously used in order to verify if the machine was calibrated.
Afterwards, solutiorwith each of tlilutedoowdersvasprepared and fraach othose
solutiona sampl&iththe particles in suspension was taken in order to be analysed

-

——- ;
B

Figure9- DelsaMax Pro light scattering analyser

4.1.4Differential Scann®@orimetry (DSC)

It was necessaryattguire some information athawacteristic properties of the raw materials
andthe producegkopolymiermaterialshen thegresubjectetbhigh temperatutaside the

well A technique known as differential scanning calorimetry was uste tohstudal
stabilityexothermic and endothermic easmesyentuahermal transitfowhile samples are
heated with increasing the temperature

DSC measures the difference,faiscion of temperature, in the amdaatrefuired to
increase themperatui@ a sample ardreferencevhenthe sample undergoes a physical
transformation.

For this study, a Mettler Toledo DSC82&®=d/asd is presentefibiare30
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Figure30- Mettler Toledo DSC822e

This technique looks for effects due to heat related wiinghass and chemical reactions

as a function of temperature. The heat flow to the sample and a reference (inert material) at th
same temperature is compared. This heat flow is equivalent to the enthalpy changes.

The heat flow difference betweemtipéesand the reference can be either positive or negative
which means that we are in presence of an endothermic or an exothermic process respectively.
Endothermic process occurs when the transition absorbs energy, therefore heat flow to the samp
is highewhen compared to thfathereference. In the case of an exothermic process, the
opposite occurs meaning that we are in presence of a transition which relaasefoenergy

heat flow to the sample is lower when comparetthe tederenda9]

The typef phasé&ransibns dependsithe kind of material and the heat flow produced by this.

For instance, if we are in presence of crystalline polymers a melting transition (the polymer chair
fall out of their crystiuctures, and become a disordered liqlie)espected. On the other

hand, amorphous polyr(st/mers whose chains are not arranged in ordereteodystals)

go through a glass transitioich mearfsom a hard and relatively brittle "giest®yinto a

molten aubbetike stat@40]

4.1.5Uniaxial Compressive Strength

The strength of the samples was investigatedniaiigtampressive strength({d€tS)To

avoid errors in the conduct of research three contraifsaciplastureere testefr each

of the curing peripibseliminate the possibility of accidentaingma affecting the final results

of theperforrance under compressidre compressive strength test was performed on a Lloyd
instrument LR 5@figure 3}, with @iston speed D® mm/miand preload 10N.
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Figure81- Lloyd instrument LR 50 K

4.1.6. Vicat apparatus

Whencement is mixed with water, hydration reaction begins and hydrates start to be formed.
During this process, the slurry will gradually change from liquid state to solid state. This
phenomenon of solidification is known as hardening process ofrycantbist &llkey

parameter for downhole applicd&mmB&A purposdsckening tinie an important property

which indicates applicatitimese slurriés downhole conditions and its pumpability.

The hardening process is defined by the thickening or setting time of the slurry.

Due to the absence of a pressurized consistometer in the universyifigiiieest the

slurriesvere investigatedngsa vicat apparatus (figure 32

The itial and final setting times of the produced slurriesemm@resthking the slurries out

of the oven in intervals of 10 min after the mixture has been prepared

The equipment can be described as a frame which has a movable rod with a eag at one end

in the other two different needles edtadieedOneof the needles has a cross sectional area

of 1 mithat is used determine the initial setting Tiesecond has a metal attachment and

is usedo determine the final setting (fijmee 33 A graduated scale gives the dépth
penetration into the sample.

Figure32- Vicat apparatt
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Figure33- Different needles used in Vica

The procedure to determinimitied and final setting times is relatively simple and is described in

the standard EN 1®@nitial setting time is defined as the period elapsing between the time when
the liquid solution is added to the powder and the time dirathiebdiedils to pierce the

sample to a depth of 4+1mm from the bottom of the mould. Final setting time is the period elapsin
between the time when the liquid solution is added to the powder and the tisgeanevhich the
needlenakes an impression on the sarhjidethe metal attachrfealst to make(figure 34

The final setting time can also be associated with the complete loss of plasticity of the cemen
paste.

Figured4i Initial and final setting time

Thistype of analysis is of major importance higgadietthe period of time on waslhrry

has to be pumped until it reaches its final position inside the well. When the initial setting time ¢
the cement is reached, it hasptabed already the desired locationstart settingtil the

hardening processasicludedyith thdinalsetting time.
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4.2. Materials
4.21. Fly ash

Hy ash useid this study as source material to prepare the geopolywasgiastestium
(ASTM class F) dry fly ash suppBeoemergy & Thermal Power Plant (Esbjetp\vEsbjerg
as shown iigure35 The chemical composition of flglatsined through XRpresented in
table &nd accondg to the data provided by Emarscartifiedompangccording to EN 450,
which sells the fly ash from Danish poweth@atesity was 2.3 §/cm

Figure85- Lowcalcium (ASTM class F) dry fly ash

Table3 - Chemical compositdrly ash (%omass)

\Y/s[@} AI203 SiQ P,O; SQ KZO (6£:10) T|OZ
_2,5207 | 28,6278]51,8951 0,8490] 14781 22813 47877 | 1,3102
MnO F6203 ZnO RO SrO ZrQ AQO

0,0702 | 5,7616 | 0,0262| 0,0113| 0,2575 0,0565

The patrticle size distribution, obkgjitinedDL Sfor the dry fly ash used in this work, is presented
infigure 36

Figure86- Particle size distribution of fly ash
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The previous figwsleows thahe particles diametearsund 2400mwhich is in accordance

with theest resulfgrovided e Emineral gtable 4)n those tests, particle size was tested

on a 0,045 mm sieve and expressed as the mass proportion in percent of the ash retained whe
sieved.

Thetest results of the batabeMarclkfwhen the fly ash used in this work was aayeired)

presented below

Tabled - Particle size test results

Flyveaske type: B4/ B5 / perlefille
Particel size > 0,045 mm L
kg/m3
Date of test: % EN450-1
23/03/2016 13,1
21/03/2016 10,2
20/03/2016 8,1
18/03/2016 8,2
17/03/2016 12,4 2300
17/03/2016 12,6
16/03/2016 14,7
16/03/2016 9,2
15/03/2016 13,7
15/03/2016 9,0

Additional information about Hpioyct was kindly providdthfiperal a/s and is presented
in Appendix.

4.22. Micsllica

Microsilica Grade 24Qused in thistudywas supplied by Elkem, Norway. The chemical
compositiaof microsiliagtained through XRFresented table 5

Tables - Chemical composition of micro silica (%mass)

ALO, SIQ SQ ClI KO

0,6718 | 97,2610 0,2767] 0,0485| 1,1324 0,3225| 0,2415 | 0,0456

Thepaticle size distributiormaérosilicaasalsoinvestigatednd theesults obtained are
presenteth figure B Asexpectedhe particéesizeof this material was smaller than the one
obtained frofty ash. In this caB&,Sgave a particle diameter equal to 831nm.
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Figure37- Particle size distribution of micro silica

Additional informatitnout this material can be found in Appendix.

4.2.3 Activatinglkali liquids

Two types of alksilicatesolutionsvere used in this study. One consiste8iaf &lad NaOH
solutions and another consiste®iat End KOH solutioAstotal of shixture with molarities
ranging fro®M tdBM were created to study how different concentr&iidHsaod NaOH
influenced the compressive strength

The Ndased activator was composedsoflium hydroxide (NaOH) and sodium silicate
(NaSiQ) solutions. NaOH solution vegeamd with a concertnatf 6M and 80M using
NaOHpellets of 99 puritgupplied by Merck KGaddistilledvaterTheNaSiQ (type 4%
solution was suppliedBbitlerup Jensen A/S with a specific gravityantl a4dodulus ratio
(Ms) equal to 2.0 (where Ms#1$a0, NaO = 12.80% and S#25.6%).

The Kbased activator was composadotassium hydroxide (KOH) and potassium silicate
(KeSiQ) solutions. KOH solution vegmped with a concentration of 6.0M&hdsBng KOH
pelletof 85% purity suppliedlack KGaA and distilled watez KSiQ (type 400%olution

was supplied Bypllerup Jensen A/S with a specific gravitad &3&dulus ratio (Ms) equal

to 2(where Ms = SIRO, kKO = 12% and SiG 26.2).

Additional information athmsde gicatess presented in Appendix.
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4.3. Mixing procedaral casting

NaOH pellesnddistilled wateveremixed with a magnetic stuméf all the pellets were
completely dissolvédterwardshe silicate solution @) was mixed together with the
previousilkaliNaOH solution. Thlkaksilicatesolution was then left for 24 h before use, to
dissipate headleaseffom thexothermreactioalkali solutiom)order to not affect the setting

of the geopolymere Bame procedure was followeebfmeld activators.

The aim of this work was to perform a comparison between two geopolymedifeeements with
concentrations being activated with two different activators and providing at the same time
reasonablesdosities and setting timdsch would enable therne used in P&A operations.
Because the focus was not the study of those mentionedyuspegtadditives to improve
them (like plasticizers or retarders, respéictiasyjecided to use a high L/S ratio near the
recommended limit. Theref@alkali liquid to fly agh)(ktio by weight was fixed atsh80
thealkali silicate to alkali solution ratio (S/A) by G&@nasiisedor all miures

To prode a referencen all testsonducted in this wddk, the results obtained with the
geopolymeric mixtures xtuma based in Portland centess G, was also prepared, respecting
the same ligdidsolid ratio used in the previoxisires.

In Bble6 the mixgproportionand ratiosfallthe slurriegre depicted

Tables - Mixing proportions and ratios of the mixtures

Portland 30% KOH sol (gr) : NaOH sol (gr) : Distilled
Class G Fly ash (gt Micro KOH Distilled KE(0g el NaOH Distilled NSOy water  S/A
" cent. (0,394 wiw) (0,384 wiw)
(an) silica (gr) pellets water pellets  water ()

MIX | 350 150 6M 35,08 | 103,92 111,2 0,80( 0,50 | 0,30
MIX I 350 150 8M 43,14 95,86 1112 - - - 0,80( 0,50 0,28
MIX 111 350 150 6M - - 26,95 | 112,05 111,2 0,80 0,50 | 0,32
MIX IV - 350 150 8M 33,75 | 105,25 111,2 0,80( 0,50 0,30
MIX V 500 250 0,50 | 0,50

In Bble7, theSiQ/AbO ratios for both solutieviich usavodifferentypes of alkactivators
are presented
Tabler - SIQ/ALO ratimfgeopolymeric mixtur

MIX | and Il MIX Il and IV
XRF analysis XRF analysis

% mass of AD;in Fly ash: 28,60%
% mass of Sidn Fly ash:  51,90%
% mass of AD;in M.silica: 0,67%
% mass of Sin M.silica: 97,30%
Contents in the silicate solution (g1

9% mass of Sidn KSiQ:  26,20%

Contents in the slurry (gr)

AlLOs 101,1
SiQ 356,7
SIQ/AILO, = 3,53

% mass of AD; in Fly ash: 28,60%
% mass of Sidn Fly ash: 51,90%
% mass of AD;in M.silica: 0,67%
% mass of Sin M.silica: 97,30%
Contents in the silicate solution (|

% mass of Sin NaSiQ: 25,60%

Contents in the slurry (gr)

AlLO; 101,1
SiQ 356,1
SIQ/AILO, = 3,52

44



1

AALBORG UNIVERSITY

All pastes were mixed in two different stages. To preparedthkbdsad geopolymer paste

in first place, the alkaline activators in tbedolution were added to the fly ash anthmixed

a Waring LB20H®&yure 3Bblendefor 15 seconds at a medium rotational speed followed by
other35 seconds athigh rotational speed. Afterwards, the padtaineas into a five liter
bucket of a Keoad Major mix@gure39 where it was mixed at a medium rotational speed for
10 minutes.

-

.
R

I

Figure39- Kenwood Major mixe

Thefresh geopolymer pastes for the present study, were then cast into polypropylene containers
with a diameter of 2.5 cm and a heigbhoTh2 samples wéabelledindsubjected to heat
curingafterwardsn this regardamples were placed into anad\8$RC (figure)ddnd cured

for 1, 3, 5 and 7 days.

The specimen names, were composed of four terms. Each ofgaesaftemation about

some aspect of the sample which is described as follows: Thefdisttaetine iIsample

number. The second term refers to the numbeoftdwtang The thiterm refers to the
concentration and finally theeferctmddased er m r e
activator amaldN r e f -dased adtivatdnNre case of Portland cement class &,@0ly

referred together with the number of the sample and number of days of curing
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FigurelO- Heat curing

4.4.Specimengreparation

At the end of heat cupagod, samples were taken from the oven and stored until being cool.
Afterwards, they were demoulded and cut with a diamond saw to a ardtytda obfandflat
surfacefor compressive strength testing. The samples were then left in thedatimestory
temperature until the day of testing.

All samples were weiglratimeasurei, determine the massdoskshrinkagéd geopolymer

pastes after exposed to relspeelievated temperature during a certain period of time

For UCS testing, thramples for eaolnmber afays of curing were tested in order to obtain a
bettereliabilitih measurements.

In this work and due to oil well stimulstemmed to be pestit to investigate as whedl,

integnt maintenance and compressigrgtithange®f the produced cement after loeing
contact witHICI. Therefore, three samples with 7 days af cuisinge 1l and Viwere

immersed iném acidolution with 15% H{llthe samples were weighed before being immersed
intothe aw Aftef7, 14 and 2days the samples were removed from the acid solution, dried and
weighed again in order to evaluate mass loss. Later these samplesdte gedGifesting

in order to evaluate their compressive strength.
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5.Test results
5.1 Rheological studefghamixtures

5.11.MIX'|

In table 8, are presented the shear stt¢edeziied for each shear ratn( the calculated
appar ent )byvidldsteesasd viscosgysas etk slurry ofix |

TableB - Rheology of mixture |

MIX |
KOH Concentration 6M
RPM 3 6 100 200 300
NBI RAy34 60 21 104 181 254
o otk o 817 10,72 53,11 92,43 129,71
M 80 5,11 10,21 170,23 340,46 510,69
' g 1,60 1,05 0,31 0,27 0,25
LASER BUNBEE 6. 8,95
"T'n_knp To00to 241
6M KOH
140,00
120,00
g 100,00
2 8000
= y =0,2406x +8,9543
2 60,00
§ 40,00
20,00
0,00
0,00 100,00 200,00 300,00 400,00 500,00 600,00
Shear rate (sec?)
Figuretl- Rheogram of mixture |
6M KOH
1,80
1,60 e
1,40
B % 120
% =100
gz
=% 080
<
@ 0,60
>
0,40
o
0,20
0,00
0,00 100,00 200,00 300,00 400,00 500,00 600,00

Shear rate (sec?)

en'

Figurel2- Relation betweeiscositgndthe shear rate

Initial setting time:

Final setting time:

43 minutes after liquid solution was mixed with the powd
19 minutes after initial setting time

47



(8

AALBORG UNIVERSITY

5.12.MIX 1l

In table 9, are presentediiear stressey ¢btained for each shear ratn( the calculated
appar ent )byvidldstesasd viscositysas Weikhie slurry wiix I.

Tabled - Rheology of mixture Il

MIX 1I
KOH Concentration 8M
RPM 3 6 100 200 300
NBIFRAY3& 0 v 18 113 205 294

-

_ otlo 6,13 9,19 57,71 104,69 150,14

6" 80 5,11 1021 170,23 34046 510,69
g 1,20 0,90 0,34 0,31 0,29
JAStR piNBaa o. 6,60
"Tpn_kp "60to 284
8M KOH
160,00
140,00
F 120,00
2 100,00
i 00 y =0,2844% + 6,6004
% 6000
£ 000
20,00
0,00
0,00 100,00 200,00 300,00 400,00 500,00 600,00
Shear rate (sec!)
Figuret3- Rheogram of mixture Il
8M KOH
1,40
120 s
~ S 100
g = os0
g >
= £ 060
< Q
g 040
> 0,20
0,00
0,00 100,00 200,00 300,00 400,00 500,00 600,00

Shear rate (sec)

on'

Figurel4- Relation betweeiscositandthe shear rate

Initial setting time: 53 minutes after liquid solution was mixed with the powd
Final setting time: 10 minutes after initial setting time
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5.13.MIX 1l

In table 10, are presented the shear strpsistsr{ed for each shear ragn(l the calculated
apparent i s c o pyelt stresand YisgoSity as waflthe slurry wiixlll.

Tablel0- Rheology of mixture Il

MIX 111
NaOH Concentration 6M
RPM 3 6 100 200 300
NBI-F?A)/EIé‘ o 0 54 222 * *

6t 6 2145 27,58 113,37 - -
so 51 1021 170,23 - -
' 4,20 2,70 0,67 - -
LASER EGNBAE 62030
"I'n_kp "60to 547

[* - reading out of range

6M NaOH

v =0,5471x+20,296

0,00 20,00 40,00 60,00 80,00 100,00 120,00 140,00 180,00 180,00
Shear rate (sec!)

Figurel5- Rheogram of mixture Il

6M NaOH

Apparent
Viscosity (n') (cP)
2o A
[=] [=] [=] [=] [=]
o o o o o

k=)
=}
S

0,00 20,00 40,00 6000 80,00 100,00 120,00 140,00 160,00 180,00

Shear rate (sec?)

on

Figurel6- Relatiobetweeniscositandthe shear rate

Initial setting time: 78 minutes after liquid solution was mixed with the powd
Final setting time: 55 minutes after initial setting time
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5.14.MIX IV

In table 11, are presented the shear strslstsr{ed for each shear ragnfl the calculated
appar ent )byvidldstesand viscostysas Weltkhie slurry ofix V.

Tablell- Rheology of mixture IV

MIX IV
NaOH Concentration 8M
RPM 3 6 100 200 300
NBIFRAYy3a 81 v 43 272 * *

-

6t 6 158 21,95 138,90 - -
so 51 1021 170,23 - -
q 3,10 2,15 0,82 - -
LASER piNBaa o132
"T'n_kp 60t 739

[* - reading out of range

8M NaOH

160,00
140,00

= 120,00

y=0,7385x+13,219

20,00 4000 60,00 80,00 100,00 12000 14000 160,00 180,00
Shear rate (sec?)

Figuret7- Rheogram of mixture IV

8M NaOH

3,50
300 ¢
2,50
2,00
1,50
1,00
0,50

Apparent
Viscosity (n') (cP)

0,00
0,00 2000 40,00 60,00 80,00 100,00 120,00 140,00 160,00 180,00
Shear rate (sec?)

eon

Figuret8- Relation betweeiscositandthe shear rate

Initial setting time: 63 minutes after liquid solution was mixed with the powd
Final setting time: 45 minutes after initial setting time
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5.15.MIX V

In table 12, are presethedshear stressesabtained for each shear ragn(l the calculated
appar ent )efthestuoyoixV.i es ( d0

Tablel2- Rheology of mixture V

MIX V
OPC Class G

RPM 3 6 100 200 300 600
NBFRAY3& 16000 1600 5800 74,00 83,00 110,00
_ otk o 511 8,17 29,62 37,79 42,39 56,17
80 5,11 1021 170,23 340,46 510,69  1021,38

' q 1,00 0,80 0,17 0,11 0,08 0,05

Portland Cement

60,00

=
g 8

g

Shear stress (Pa)

20,00

g

0,00
0,00 200,00 400,00 600,00 800,00 1000,00 1200,00
Shear rate (sec!)

Figuret9- Rheogram of mixture V

Portland Cement

Apparent
Viscosity {n') (cP)
e e e e = =
N F) @ ® [=) N
s 8 & & 8 ©

=
=]
=]

0,00 200,00 400,00 600,00 800,00 1000,00 1200,00
Shear rate (sec?)

'

Figuré0- Relation between viscosity and the shear rate

As it was mentioned befateen in presence of a Rbesrmodel, the grelationship is

linearonaldgog pl ot . T h emoa i kboftfiemathbneatical expressidhis e r s i
modetan be estimatdulectly from the dial read#ijsas follows:

. i< 1€ - e
€ T Toc TToc ol ¢ 0(8—_9—
ko) i O 0 — O U

[ PTG G
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Kiand Kare parameters provided by the manufacturer of the aisd reateusdgscribed
in4.1.1.

With the readings obtained from the viscometer givehplagametersikand K, the
mathematical expression is obtained as described below

. ~ . RO T
£ ohrccxs—wé“% Tt T @

0 ppTm

~ ~ ~ F'
TS cyoemmpocmpm ooy @

T Qr ot owyx "

With this mathematical expression, shear stresses can ber @itéieeshiear rates. Like in
the previous cases, apparent viscasdiése viscosity of the stambecalculateds well.

_ O6tl 0 653 8,66 27,13 359 42,38 56,15
SO 511 10,21 170,23 340,46 510,69  1021,38
" q 1,28 0,85 0,16 0,11 0,08 0,05
,ASER pUNBaa 6. 0
"I'n_kp ~00to 52

With these valuegparent viscosities can be foural lavehr diagram carsketchedThe
viscosity of the fluid can be obtained as before, by the slope of the line.

Portland Cement Class G

100,00

10,00

Shear stress (Pa)

1,00
1,00 10,00 100,00 1000,00

Shear rate (sec?)

Figuré1i Linear lotpg plot of the rheogram of mixture V

Initial setting time: 160 minutes after liquid solution was mixed with the po
Final setting time: 40 minutes after initial setting time
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5.2 Mass losdue to water evaporation

Inorder to investigate mass loss of the spessrghigiifferences before and after curing period
were measurethe dlloving tableshow the mass loss, by percentage, obtained from those
measurements

Tablel3- Mass loss due to water evaporatidraséd activated mixtures

MIX| 6M KOH MIX I 8M KOH
. weight Weight after Mass loss . weight Weight after Mass loss

Days of curing  Sample @ T ) Days of curing Sample @ T )
S116K 81,97 80,03 2,37 S118K 83,89 81,60 2,73

1 S216K 82,79 80,87 2,32 1 S218K 84,13 81,80 2,77
S316K 82,92 81,00 2,32 S318K 84,67 82,35 2,74

S136K 82,48 79,54 3,56 S138K 84,21 81,05 3,75

3 S236K 82,95 79,62 4,01 3 S238K 84,13 80,72 4,05
S336K 82,78 79,31 4,19 S338K 83,52 80,15 4,03

S156K 83,41 79,28 4,95 S158K 84,19 79,45 5,63

5 S256K 83,92 79,43 5,35 5 S258K 86 81,28 5,49
S356K 83,02 79,91 3,75 S358K 84,68 80,18 5,31

S176K 83,04 7,65 7,65 S178K 84,56 79,25 6,28

S276K 82,27 3,72 3,72 S278K 83,86 79,04 5,75

S376K 82,88 3,99 3,99 S378K 84,58 80,16 5,23

7 S476K 83,3 4,11 4,11 7 S478K 84,17 78,98 6,17
S576K 82,58 5,01 5,01 S578K 84,01 78,59 6,45

S676K 82,35 4,01 4,01 S678K 83,09 79,20 4,68

S776K 82,92 5,00 5,00 S778K 85,01 78,86 7,23

Tablel4- Mass loss due to water evaporatiofhas®thactivated mixtures
MIX I 6M NaOH MIX IV 8M NaOH

weight Weight after Mass loss weight Weight after Mass loss

Days of curing  Sample Days of curing Sample

(]y] curing (%) (ar) curing (%)
S116N 83,76 82,24 181 S118N 84,56 83,67 1,05
1 S216N 83,87 82,54 1,59 1 S218N 84,45 83,76 0,82
S316N 84,95 83,36 1,87 S318N 84,06 83,28 0,93
S136N 83,32 80,48 3,41 S138N 84,38 78,80 6,61
3 S236N 83,77 78,02 6,86 3 S238N 84,2 79,57 5,50
S336N 83,58 81,08 2,99 S338N 83,97 80,58 4,04
S156N 82,45 77,73 5,72 S158N 84,6 76,81 9,21
5 S256N 83,87 79,16 5,62 5 S258N 84,57 77,02 8,93
S356N 83,62 80,11 4,20 S358N 84,61 74,98 11,38
S176N 83,23 76,01 8,67 S178N 85,06 72,44 14,84
S276N 83,64 76,25 8,84 S278N 84,53 75,53 10,65
S376N 84,18 76,05 9,66 S378N 85,75 73,51 14,27
7 S476N 83,81 73,17 12,70 7 S478N 84,26 72,88 13,51
S576N 83,44 72,20 13,47 S578N 84,9 72,29 14,85
S676N 84,07 77,48 7,84 S678N 84,19 71,50 15,07
S776N 84,4 78,02 7,56 S778N 84,2 70,70 16,03
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Tablel5- Mass loss due to water evaporation of OP(

MIX V OPC class G

T — weight Weight after Mass loss

(ar) curina (%)

S11G 70,94 69,92 1,44

1 S21G 72,40 70,56 2,54
S31G 69,86 69,59 0,39

S13G 69,37 69,00 0,53

3 S23G 72,34 69,17 4,38
S33G 71,99 69,93 2,86

S15G 73,74 70,43 4,49

5 S25G 71,70 69,49 3,08
S35G 71,71 70,17 2,15

S17G 71,46 69,17 3,20

7 S27G 71,35 68,95 3,36
S37G 71,96 69,74 3,09

5.3 Bulk shrinkage

To investigate the shrinkage of the spethelifferences in the diameters of the specimens
after curing periodere measurethe following tablsow the difference, by percentage,
obtained from those measurements

Tablel6- Diameter differences in mixture taifiteg
MIX | 6M KOH

@ of the containe @ of sample afte @ difference Average

()] curing (mm) (mm) (%)

S116K 2,573 2,573 0,000

1 S216K 2,573 2,573 0,000 0,00%
S316K 2,573 2,573 0,000
S136K 2,573 2,573 0,000

3 S236K 2,573 2,573 0,000 0,00%
S336K 2,573 2,573 0,000
S156K 2,573 2,562 0,011

5 S256K 2,573 2,565 0,008 0,35%
S356K 2,573 2,565 0,008
S176K 2,573 2,530 0,043
S276K 2,573 2,559 0,014
S376K 2,573 2,573 0,000

7 S476K 2,573 2,573 0,013 0,65%
S576K 2,573 2,556 0,017
S676K 2,573 2,558 0,015
S776K 2,573 2,558 0,015
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Tablel7- Diameter differences in mixture Il after curing
MIX Il 8M KOH

ample

S118K
S218K
S318K
S138K
S238K
S338K
S158K
S258K
S358K
S178K
S278K
S378K
S478K
S578K
S678K
S778K

(mm)

2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573

curing (mm)

2,573
2,573
2,573
2,573
2,573
2,573
2,560
2,566
2,573
2,559
2,570
2,573
2,546
2,549
2,573
2,537

(mm)

0,000
0,000
0,000
0,000
0,000
0,000
0,013
0,007
0,000
0,014
0,003
0,000
0,027
0,024
0,000
0,036

@ of the container @ of sample after ddifference Average

(%)

0,00%

0,00%

0,26%

0,58%

Tablel8- Diameter differences in mixture 11l after curing

@ of the containe @ of sample afte @difference Average

curing

1

6M NaOH
Sample i)
S116N 2,573
S216N 2,573
S316N 2,573
S136N 2,573
S236N 2,573
S336N 2,573
S156N 2,573
S256N 2,573
S356N 2,573
S176N 2,573
S276N 2,573
S376N 2,573
S476N 2,573
S576N 2,573
S676N 2,573
S776N 2,573

55

curing (mm)
2,573
2,573
2,573
2,573
2,552
2,573
2,547
2,561
2,569
2,526

2,513
2,496
2,443
2,435
2,540
2,526

(mm)
0,000
0,000
0,000
0,000
0,021
0,000
0,026
0,012
0,004
0,047

0,060
0,077
0,130
0,138
0,033
0,047

(%)

0,00%

0,27%

0,54%

2,95%



Tablel9- Diameter differences in mixture 1V after curing

MIX IV 8M NaOH

Days of

: ample
curing

S118N

1 S218N

S318N

S138N

3 S238N

S338N

S158N

5 S258N

S358N

S178N

S278N
S378N
7 S478N
S578N
S678N
S778N

@ of the container @ of sample after @difference Average

(mm)
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573
2,573

56

curing (mm)
2,573
2,573
2,573
2,566
2,573
2,573
2,491
2,506
2,446
2,425

2,466
2,428
2,435
2,419
2,411
2,414

(mm) (%)
0,000

0,000  0,00%
0,000
0,007
0,000
0,000
0,082
0,067 3,58%
0,127

0,148

0,107
0,145
0,138
0,154
0,162
0,159

0,09%

5,62%
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In hesanples produced wRbrtland cemeriaiss Gwere not noticed atiferences in the
diameterdefore and after curing process.
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54. Uniaxial Compressive Strength results

Uniaxial compressive strength tests were performéal imvesteyate developed compressive
strength of all speasélhe obtained results sregmted in the following tables and diagrams.

Table20- Compressive strength resulbased activated mixtures

MIX | 6M KOH MIX Il 8M KOH
Days of Compressive Young's Modulu Days of Compressive Young's Modulus
. Sample ) ample
curing strength (Mpa) (Mpa) curing strength (Mpa) (Mpa)
S116K 13,48 1199,51 S118K 13,21 1197,14
1 S216K 16,70 1570,26 1 S218K 16,98 1743,93
S316K 16,02 1376,57 S318K 17,65 1293,51
S136K 16,38 1829,99 S138K 17,93 2416,83
3 S236K 17,68 2158,83 3 S238K 19,25 2477,95
S336K 16,24 1740,39 S338K 15,65 2164,69
S156K 16,35 2114,99 S158K 22,13 3119,35
5 S256K 20,67 2541,83 5 S258K 18,11 1679,23
S356K 13,37 1592,53 S358K 17,36 -
S176K 18,22 2601,55 S178K 26,19 4318,65
7 S276K 14,89 1636,17 7 S278K 18,22 2395,04
S376K 19,53 1952,40 S378K 25,20 3274,04

Compressive Strength - 6M KOH

25,00
18,22
~— 20,00 16,02 16,38 15|'35
- T _,,_/I

15,00 = i
10,00

5,00

0,00

Stress (MPa

1 3 5 7
Days of curing

Figuré2- Conpressive strength results off mix

Compressive Strength - 8M KOH

30,00 25,20
25,00 18,11
20,00 16,98

15,00
10,00

Stress (MPa)

5,00
0,00

1 3 5 7

Days of curing

Figuré3- Compressive strenggutis of mix Il
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Table21- Compressive strength resultsloddéal activated mixtures

MIX 1V 8M NaOH
Days of
curing

6M NaOH
Sample

S116N
S216N
S316N
S136N
S236N
S336N
S156N
S256N
S356N
S176N
S276N
S376N

Compressive Young's Modulu

strength (Mpa) (Mpa)
9,38 744,46
8,87 773,30
10,39 861,01
13,28 1153,26
15,69 1631,74
9,18 821,97
16,04 1759,59
15,96 1584,24
12,43 1253,51
13,30 1145,33
23,39 2578,54
18,00 2164,90

1

ample

S118N
S218N
S318N
S138N
S238N
S338N
S158N
S258N
S358N
S178N
S278N
S378N

K
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Compressive Young's Modulus

strength (Mpa)

13,82
13,17
11,39
12,83
12,81
9,86
30,14
26,26
27,72
35,40
24,33
24,55

Compressive Strength - 6M NaOH

25,00
20,00
15,00
10,00

Stress (MPa)

5,00
0,00

Figures4- Compressive strength results of mix IlI

40,00
35,00
30,00
25,00
20,00
15,00
10,00

5,00

0,00

Stress (MPa)

Figuré5- Compressive strength results of mix IV

18,00

Compressive Strength - 8M NaOH

3

5

Days of curing

24,55

3

5

Days of curing

58

(Mpa)
648,37
806,03
638,49
1242,94
1062,15
792,70
3940,65
3357,58
3566,45
4794,18
2528,98
5086,12
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Table22- Compressive strength results of Portland Cement Class G

—
]
o

=

Stress (

35,00
30,00
25,00
20,00
15,00
10,00

5,00

0,00

MIXV OPC class G

S11G
1 S21G
S31G
S13G
3 S23G
S33G
S15G
5 S25G
S35G
S17G
7 S27G
S37G

Compressive Young's Modulug

strength (Mpa)
14,58
26,16
18,34
33,05
25,21
18,02
25,02
31,68
28,77
22,38
22,61
31,82

(Mpa)
1355,28
3065,45
2717,85
5080,62
4012,45
3997,63
3486,48
4621,79
4610,66
3895,70
4146,95
4881,86

Compressive Strength - OPC Class G

18,34

25,21 28,77

3 5
Days of curing

22,61

Figure&6- Compressive strength results of mix V
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5.5. Resistance to hydrochloric acid attack

To simulate a scenario where geopadyesysosed to conditions oftgade to the presence

of HClysed in acid stimulatiotheoil and gasdustryand to study its negative effects,
specimens were immersed in 15% solution of hydrochloric acid.

These tests were conducted on geopolymer madptesl from mix I, IV and V and having
cure times of 7 ddfigure 57 Samples wetkenleft mmersed for 21 days into the acidic
solutiomnd measurements and compressive tests performéu bt #mel 24 day using

one sample of each of the mentioned mixtures.

Figure&s7i Samples before being immersed in the HCI solut

Once samples were immersed ifpBicidl. 1 Ho further adjustment to pH wasduadghe

test.

Samples were removed fh@acid solutions afteedesignated days amerdeft in ambient

temperature drying for 3 hours.

Compressive strength values of the geopolymeric specimens used in this test, were compared wi
the compressive strength values obtained in the regular compressive strength tests performe
previously. Inetltase of OPC, a control sample was produced, exactly in the same day of the
ones used in this test. The compressive strength test was then performed at ttteesame time of
ones removed from the acid solution, in order to be used as a reference.

The acidesistance was evaluated on mass loss and in the change of compressive strength. The
obtained results are presented in the following tables 23 and 24.
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Table23i Percentage weight lafter acid attack

Age of acic e o Weight of samples after  Weight of sample: Percentage
Sample immersion ) days of curing and before after acid weight loss
(CEVS)) acid immersion (gr) immersion (gr) (%)

S478K 7 39,19 37,06 5,44%
S578K 14 HCI (15% 38,98 36,47 6,44%
S678K 21 38,82 36,14 6,90%
S478N 7 38,28 38,01 0,71%
S578N 14 HCI (15% 38,43 37,86 1,48%
S678N 21 38,08 37,21 2,28%
S47G 7 52,71 49,65 5,81%
S57G 14 HCI (15% 52,50 49,32 6,06%
S67G 21 52,43 48,83 6,87%

Table241 Percentage loss of compressive strength after acid attack

Obtained range of

Age of acid . Compressive strength Percentage losy
Sample immersion Typg of compresswg strength after after acid immersion  of compressive
Cava) acid day; o_f curlng_and before e el (0]
acid immersion (MPa)
S478K 7 12,68 5,44%
S578K 14 HCI (15% [18,22;26,19] 13,83 6,44%
S678K 21 12,60 6,90%
S478N 7 31,03 0,00%
S578N 14 HCI (15% [24,33;35,40] 20,73 1,48%
S678N 21 18,85 2,28%
Age of a}cid Rt Comprssive StER E Compre'ssi.ve strepgth Percentage Ipss
Sample immersion acid e sl ) after acid immersion of compressive
[CEVS)) (Mpa) strength (%)
S47G 7 42,99 16,88 60,74%
S57G 14 HCI (15% 37,29 17,60 52,79%
S67G 21 36,21 14,82 59,08%
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6. Discussicand omparison oésults

6.1. Differential Scanning Calorimetry

Aexo
.
12 ‘
=
. Curve: Microsilica 940-U W ke
0a e —_—
N
B R e
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04 i Curve: Fly Ash (IV)
| = S
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o
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Figure&8- Results of DSC of raw materials
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Figuré9i Results of DSEproduced materials

The various dry powders used in the mveerexamined with D¥Grder to provide some
possible peaks which could corroborate expected peaks formed in the hydateddtements
by the sample undergoing physical transitions or chemical reactions.

In figur®8 a combined DSC thermogram of the individual gowdensad. Microsilica and

fly astpresent smooth thermograms with no signs of oeptiasestransitiangh increasing

the temperature. On the other hand, Portlandstemeatpwer temperature endothermic
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peak (1020 €)which caheattribigdto free or adsorbealatilizedater beinigherated at

100 °C. Howevemnone of them presented any phase transition within the used range of
temperatures.

Endothermic peaks on theesualiove 50C are meaningless and probadtiue to some

kind ohnomaly in the measurement done by the equipment.

Regarding tleemeninaterialsiure 5pone sample with 7 days of curing of mix Il, mix IV and

mix V were subjected to this test.

All of them showedendothermic peaklet earlisemperatured the teswvhichalso in this
casasrelatedothe release and evaporation of the remaining water from the pores of the samples
at temperatures around 100 °C.

In botlgeopolymeric curves (mix Il andd\peakeereobserveavhich meanso signs of

reactions drypotheticphase transitions.

The curve related with the Portland cement, follows the samleeppiteafinug bnes except

above 3®C, whersome rothermic peaks on DSC anewebservedorobably causeg

residual carbon oxidation

This instability can diee toa phenomenon called as strength retrogression experienced by
Portland cement when exposed to high temperatures. This is one of the drawbacks associated wi
the use of thisaterial in P&Ah®W this reduction in streagtiigh temperatures occurs, it is
common to lead to an increase in porosity and permeabiliytlssealases, the sealant

material becomes accessible by corrosive fluid present in tfigRormation

The absence of pks and phase transitions in all the curves are due to the absence of hydrates
in the crystalline form because we are in presence of amorphous materials.

6.2. Rheological studies cfltlnaes

Rheology of the slurries
160,00
140,00
120,00
100,00
80,00
60,00

Shear stress (Pa)

40,00

20,00

0,00 |
0,00 200,00 400,00 600,00 800,00 1000,00 1200,00

Shear rate (1/s)

—8—6MNaOH —@—8MNaOH —#—6MKOH —e—8M KOH OPCClass G

Figureés0- Rheograms of cement and geopolymeric slurries
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Figure 6@dlustrates thmeasured shestress of the geopolymer slamiédortland cement
class Glurry aafunction of the shear rate.

It can be seen that geopolymer slurries have a hiflsiveduiestress in comparison to OPC
slurry ancegarding geopolymeric slurriggirls using higher molarities also presented higher
shear stresses when compared with the ones with lower molatdiesjdaadhmer viscosity
values (figure 60).

Rheological behaviouralbfthe slurries slww noANewtonian like viscosity behaviour.
Furthermore, fraheprevious chaptenvasshowrthatin all cases, viscosity decreases when
shear rate increas@hich means that we are in presence d@hstmeag fluids.

All thegeopolymergturriesit intheBingham Plastimodeilvhereas OPiehavetlkea Power
Lawfluid

Vlscosities of the slurries

800
700
600

500
400
300
200
100
0 -

6M KOH 8M KOH 6M NaOH 8M NaOH

Viscosity (cP)

Figures1i Viscositiesf theslurries

Intheprevious figuBd, it is noticeable that in general, #@nkaning slurrgeducetigher

viscositiethan the ¥ontaining slurries.

Viscosity foralontainingolutions is up td 2imes higher than the oneskweitimtaining

solution®or he same molarities

TheOPC revealedmuch lower viscosity, when compared to the other slurries.

It is reportedliteratur§21] thata pumpable fluid in the oilfield industry has algssaiogry

300 cP, which meaimat in this work and foditained results, it can be assumedhidiseK

and OPC mixtures could be elected, from a rheological point of view, as potential mixtures to b
used in P&A.

On the other harfiol; practical operatidhs, ¥scosity of Naaed mixturesould need to be
adjustedsing a supaasticizer.

Slurries with high viscosity will affect the pumpability, limiting pump rate and therefore the
placeability of the material during well cementing operations.
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The reduction of the viscosity allows the geopolymeric suspension to be pumped with less frictio
pressure and utilizing less pump horsepower. If used as a displacement fluidriimgmove the

mud from the wellbore, density and rheological mioihertgEDpolymer suspensiontbave

be selected and controlled talproptimum displacement rdgizhe

Densities of the slurries
1,74

1,72

1,73
1,71

1,70

168 1,67 1

166 165

1,64

1,62

1,60

,67
BMKOH ~ 8MKOH  6MNaDH  8M NaOH OPC

Figures2- Densities dfieslurries

In figure 62he measured densitieall the slurriase presenteas wellThedensityof the
geopolymeric slurriemsweasured to lweithin the range of 1.65 to 1.73 gicambient
pressure artémperaturd he density of the Portland c&ltess Glurry was determined to

be 1.6Q/cmM atthe same conditions

Except mixture | (6M KOH), all the other geopolymeric slurries demonstrated higher values o
density with respect to measured slurry density of OPC.

In literaturg21] it issuggestethat for ofield industmphe density of the suspension of said
geopolymeric slurry compositions varies betvieed@raidg?.5 /gn¥ andmore prefably

between 1.@cn¥ and 1.8ycn3, which is in accordance with the values obtained for all the
mixtures testedtlvis work.

Controbfthe densities of the slurries is a factor of major importance in ofden&ti@void
damageThe density of the slsirguld natllowfluid invasion of the wellbore from the formation
and at the same tifnghould naxert excessive hydrostatic pressure drugitoggsf the
slurriesothe famationAllthe problems that can arise from it were explain@dtheftopics
3.16.203.16.5.

Additionally, in cases on which the drilling mud has to bartiggleceed from the wellbore

by the slurry, density of it has also to be controlled
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6.3.Settingimeof the slurries

Figure 6Bdicates thickening test results for mixtures at temSéPalfiorthef slurriesfthis
studyln this figur&elighter color in each mixtueresesthe period of time between initial
and final setting times.

Setting times

oo I -
vix v [ I
vy I - I

60 120 180 240

o

Elapsed time (min)

Figures3- Setting times of the slurries

From all the slurries tested, the one which pedeagtsktting time was OPC (mix V).
Regarding geopolymeric slurries, mix | aioaskdiKrevealed significantly shorter setting times
when compared with mix Il and-Iba@éal).

Based only, on the results of this teserdalyp@PC, mix Il and IV dedmave acceptable
thickening timé@thout using any additive, which meanre thatable to be pumped and used
asasealing materinlP&AON thether hand, mix | amield a retarder, to increase the initial
and final setting times.

It is impaant to refer thatckening times are dependedbamhole conditions and depth of
the location where the material has to set. Fdejdihge longer setting times are required
because theeriod dime that the material neetie fpumped teachtie desiretbcatiorof
placementyill be longer.

6.4 Mass loss due to water evaporation

Samples werkgeigledafterthey were casted just before curing.started
Weight changé thesamples was determiager predicted curing periods in osdaluate

mass loss.
Results of weight charfgesll saples are presented in figurie fércentage
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Mass loss due to water evaporation

16,0
14,0
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E6MKOH m8MKOH mM6MNaOH MBM8MMNaOH MOPC-ClassG

Figures4- Water evaporation of cement and geopolymeric slurries

The decrease in weight is attributed loss of evapble water in the geopolymer due to
heating during curing period.

From the previous diagram, it itltde@PC tends to loose less water than geopolymers during
all test period leading to a smaller mass loss.

Regarding geopolymeguecsnens, weight loss is remarkably shargemsad\geopolymers
starting from day 3, while in the same pbasddl§geopolymers showed a steady mass loss.

6.5 Bulk shrinkage

Bulk shrinkage

6,00 5,62
X
o 5.00
g
< 4,00 3,58
= 2,95
< 3,00
£ 2,00
£ 0,65
§= 0,35 0.54 8
& 100 027 ) o 0,26 08
e 0,00 - | - -
1 3 5 7
Days of curing

6MKOH ®m8MKOH ®m6MNaOH m8M NaOH OPC Class G

Figures5- Bulk shrinkageagfiment and gesymeric slurries
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After curing, some of the specimens exhibited somestigims)qiaansiom the longitudinal
directionbut areduction of diamatesome of those, waspghenomenon which wiggarly

noticed during the experiments. This situation is related witbf shenkaderigirobably

caused bgnasdoss due twvater evaporatishen subjected to elevated tempeveatiich is

in accordanaosith figure 64To have a rough idea abaufdtcentage of shrinkage, the
diameters before and after curing, were compared.

It can b seen from figure 6tat shrinkage started to be noteworthy on the 3rd day, increasing
until the 7th day of curing.

From observations, the percentage of shrnakageh higher in {Hetivated geopolymers

thanin the ones produced widickvatorsThe maximum bulk shrinkageesasedor the
geopolymer slurry prepared with 8M &ft€DM days of curing with a v&lE2edf diameter
reductiowhen comparediwthe initial ane

In these measurements, shrinkage in OPC masegdlsoticed.

Shrinkage, esul t s in a change in the cementods st
deformation of not only the cement, but also the clasmgtaorg or tbe@nding at either the

casing or formation interfgic#s

Thereforehsinkage of the material, is a concern for plugging materials or materials used for casing
cement, because it can cause an incompletrezaneubolation.

When a leakage path is alrpesent due to cement shrinkmges along interfaces (e.g.
sealing material/castaging/cemeat cement/rogliohemical and mechanical altecation
increase lealge risks.
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6.6 Uniaxial Compressive Strength results

Compressive strength
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27,72
28,77

30,00 25,21 20
22,61
25,00
18,34
20,00 16,98 17,93 18‘%59 18,200 8,0
16,02 131 16,3 12,8 16,3 ! T
. i | EPN <
15,00
9,3
10,00
5,00
0,00
1 7

3 5
Curing days

)
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Figure&66- Compressive strength results

The UCStest was performed to evaluate the compressive strength development of the
geopolymers.

Figure 66hows the results of the compressive strength meastidifferetst tinngervals

of 1, 3, 5 and 7 days.

From the ehined results, we can conthadevhen the concentration of KOH and NaOH solution
into the activating solution was increasedathareetter performance of the specimens in the
compressive strength test.

Compressive strength for the geopolymers produced with KOH concentration showed that the
strength development progresses witkatiimeg the maximum value on curing aggsof 7 da
TheK-activatedgeopolymers shexhigher commssive strength compared to treectiNated
geopolymeia the earlier daystestingl and 3 days of curiad).the Bday of curing, a

sudden increase of the compressive strength was obseagtdairedNgeopolymer with 8M
concentration. On tHeldy, it decreased and bexaimilan comparisaaresul obtained

for geopolymer with the same concervatpmoduced witkagtivator. In this case it also
presented a sudden increase aothgressive strenigth, in the lagay

The same hapmehwith the geopolymers produced with 6M concentration of activator. On the 5
and last day of tests, they revealed identical values for UCS.

Apparently Aased geopolymers developcoorpressive strengtlhe earlier days of curing

whilein the case dfabased geopolymers are developed later. However, after 7 days of curing,
both type of geopolymers, presented simdar fealthe compressive strength in both
concentrations.
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OPCdescribed an increasing trend of compressive strength value® deyilatheusing,

however it startdécreasinthat trend at thé daywhen idemostratedower values of
compressive strength when compared with the ones showed by gebpd@iners wit
concentration

In the European Patent Specification number EB18@1)6%alues obtained from
compressive strength tests of geopolymeric petteraled by the inveritetareen 9 MPa

and 19 Mdare reportediccording to them, the obtained results exhibited good compressive
strengths meaning that those materials would be very useful in oilfield applications. The result
obtained from the tests performed in this work, are well above those reported values.
Regarding the elastic mateapacit, geopol ymers in general, sh
modulus than the ones showed byltP&bility of a mateoidbeing elastic is advantage

If the materibhs the capacitydefornwhen a load is appliedtand then, whemetload is
removedeturns to its origishhpethatis a very useful feataféhe sealing materiatan
helpavoidhgfractures in the matecalised by internal stressesing to the rock formation.

Once again it is imtpat to underline the importance of the compressive strength on any sealing
material. The capgat has to resishensubjected to mechanical stresses induced by natural
variations in subsurface conditions due to tectonic stresses or evearsgigcidaygely

its efficiency. Straduced fractures in the sealing material, caused by excessive mechanical
stresses can lead to a leak pathway formation endangering the purpose of the plug.

6.7 Resistance to hydrochloric acid attack

In allgeopolymeric samples, the cohesion of the material was maintanose el dity

noticeable change in cotasurface degradatiSpecimens were seen to remain structurally
intacwith no visible craeleer its dryinigyt at the same time,rttagerial turned softer than it
wasbeforeheacid attack. This softness, which was noticed during the compressive strength tests,
indicates a deterioration of the material which tends to increase with time but could not be easil
differentiated througtual inspection.

Inthe case of Portland cemieistjéterioration is caused by calcium oxide, which is one of the
oxides present in tmaterialsWhen in presence of corrosive substances, calcium is easily
attacked to form the salt of the calvilarieached owausing a strength loss of the material.

This reaction, is descritedw:

600 cO0@6@d@a ¢O0U [43]

The reaction essentially causes leaching of ftaf©Otie set cemeAftedeaching out of
Ca(OH) GSH and ettringigproduct formed after dissolutiatcafra hydroxide and calcium
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aluminate hydrastart to decompose, with releasé*td Caunteract the loss in Ca@dH)

the set cement starts to disit¢egeaelerating the disgor{43]

However, basesh literature[36] and in the results am¢a previously, this mentioned
deterioratiaa more seveaad fast in Portland cement betteigeopolymer cement structure
makegndosmos(sate ofiuidiranspothrough the cemgmappen slowdie to the presence

of potassium silicate or sodium silicate into the structure. These components play a prevention ro
with regards to the pemietnaotheacid

Nguyert al[36] describéhe process of geopolymers acid resistinvaathe nexsteps:

Step 1: Attachment of the acid proton to the lone electron pair of the siloxane oxygen:

~ - | ~ ? -
:Si Q=8I —» —=SI—0Q—Si—
|
H

Cleavage miled by the relative susceptibility of the siloxo é3xgieg&nst proton attack,

not by the cleavage of the sialate bOrAl, Siue to its protection by the metallic cations (Na,
K). The oxygen of th®©®il sialte bond is attacked only athirlg of the protecting cation
has occurred.

Step 2: Subsequent reactions leading to the scissiomraatiore of siloxane/siloxo bonds,

decomposition of the oxonium complex with the formation of a sllahahdridr8iation of
a silicorniorSiX bond (X is chloride):

—siZ + Xx® —> =si—OH+—=si— X

\l/

Si—

T—-1010

The destruction of geopolymeric backbone is limited to the effective amount of anion chloride
present in the solution.

Furthermore, they also ¢ltiat during this process, sodium chloride (NaCl) resulting from the
reacon:

0L 000& 0 Wo dO0 [36]
In the case of using geopolymers produceolasétt &ctivator, potassium chloride will be

formed as the previous case:
DO0O0O06@&ULOa0U
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In both cases, sodium and potassium chlorides are considered remainders from geopolymerizatic
[36].

The formation of these chlorides prove the resistance of geopolymeric materials, because NaC
and KCI are products of th&aeetween NaOH/KOH and HCI.

From the conclusion made by the invesstigesor be assumed that the concentration of the

alkali solution (KOH or NaOH) weakens the corrosive effect of HCI being a factor of major
importance for the resistivity ottiplymers, in corrosive environments with presence of HCI.

In the case of OROvisuaphysical change was noted as revealed by their grey to yellowish
brown coloAdditionallyDPC samples also exhibifedmation otight layer of sludge on the

suface of the sampleading to a deposition of material at the bottom of tidsaxiaet

of alteration and the relative width of the layers depend on the duration, the specific reactior
conditions, and the initial cement compi3jtion

The mentioned physical chaargeshown in figures 67, 68, 69 and 70

SMKOH 8MNaOH OrC

Figures7- Samples aftbeing immersed Todays

8M KOH 8M NaOH (0) (@

Figures8- Samples after being immersed for 14 days
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SMKOH  8MNaOH

Figures9- Samples after being immersed for 21 days

Figurer0- Tight layer of sludge on the surface of C

According to the literafi®g the mentioned layer which is located at the cement interface with
the acidfigure 71lis also known as residual amorphous silicate zone. Fpisdsia by
restructuring of calcioeeC-S-H (calcium silicate hater crystal structure in cement paste)
phases with dissolved sodium andiainaidiorm an amorphous aluminosilicate.

Figurer 1- Residual amorphous silicate
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Weight change of the acid treated sampliesermged after immersion period. It is important
to note that initial weights of samples were measured just before the acid immersion.
Results of the weight changes for the testadrspace presented in figlre

Mass loss due to acid attack
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6,00% /
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3,00%

2,00%

1,00% ,//

0,00%

0 7 14 21 28

Days of exposure to HCl (15%)

Mass loss (%)

OPCClassG —#—8MNaOH —@—8M KOH

Figure/2- Mass loss dueH®| attack

It is noticeable thafter exposure to HCI, all the specimens exhibited.mass loss

The loss of weight was observed to be lower in geopolymdrassid@dtevator tharthe
one produced with tHeaked activat@eopolymer produced withded activator showed a
similar mass loss when compargdR@ith values within the range of 5,5%rtasg%oss
Regarding compressive stréoggtit was observed that the percentage |losspoéssive
strength of @eopolymer cemerikes are considerably lower than that efr@d@ncture

at all ages of HQpesure (figure)73

Compressive strength loss due to acid attack
70,00%
60,00%
50,00%
40,00%
30,00% \./
20,00%

10,00%

% loss of compressive strength

0,00%
0 7 14 21 28
Days of exposure

OPCClassG —@—8M MNaOH —@&—B8M KOH

Figurer3- Compressive strength loss during HCI immersion
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At the earlier days of the teshd$ad geopolymeric specimens did not present significant loss
in the compressive strength results when compared with the ones prbdseddatitveltor.
However, at the end of the test, both of them presianted|sas of compressive strength
loss.In additionit was observed that the percentage loss of compressive strength of all
geopolymeric materiate considerably lower than that of OPC at all ages of aci#@xposure.
instance, in the last dayeotdhtjoss & compressive strength of OP@lmast double the

loss of compressive strength of geopolymer cement

During UCS tests, all the samples were fractured in brittle conditions.

It is important to note floateach designated testing day, only one sample of each mixture was
tested. Though, all the previous result of this topic, can present a lack of accuracy.

7. Proposed further work

In this work four different mixtures were developed and cortiy@anedstvditbmmonly used

material in P&A. The strength developed by those materials are promising and likely to be used |
P&A operations. Even though, several more samples using the saroalthbeéypesdsited

and testedgain, in ordenterifjthe dtained results in gresentests.

However, due tioe absence inuruniversity facilities of a pressurized consistometer, curing
period was done at ambient pressure. The effect of pressure, during the curing, on the propertie
developed by the specis) should be investigated in order to have a better approximation of real
well conditions. For instance, the porosity of the specimens would be reduced, leading to a les
permeable material, which is one imatrifamtéora sealing material in P&A.

Neverthelessther important properties have to be investigated further in order to consider this
kind of material as a viable alternative to Portland cement. Some of those proplegties would be
density, shrinkage, porosity pemoheabilitgf the set geopolymeric matemil bonding

conditions with rock formation and with casinthetdsjree of contamination of these
materialat the interface vitieother type of fluids tatbefoundnside the waihd how the

performance bktsealing material can be affelotedd be investigated as well.

Due to lack of time and laboratory equipment limitations, these properties could not be investigate
in detail.

After these properties Hasen studied in detail and if the resultalfooatory tests keep

showing promising results for oil and gas applicatialesndiedtration tests should be
performed.

For economic and environmental reasoabpikRementiong@doperties should be further
researched in ordesdtect geopolymers a real alternative to Portland cement in P&A.
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8. Conclusisn

On the basis of the obtained results, the following conclusions can be drawn.

1 If the energy provided is great enough, the properties or compressive strength of concrete
are increased.

1 Moreover, the current knowledge shawiethaiuence of alkali solutions molarity,
liquicko-solid ratio, alkali silidatelkali solution ratio are also essential for achieving the
optimum strength of geopolymer.

1 Geopolymers exhibited superiordsardnd chemical stability when compared to OPC.

1 Geopolymers also revealed a better regkiaticeleformation

1 The Kcontaining systems showed lower viscosity compareddattiniigsystems
but both of them showed aN®wtonian like visgobethaviour.

1 Like in this work, geopolymers are referenced as short thickening time materials. This is
one of thebstacles which have to be overncooreler to these matetialbe
considered as viable for applications in oil and gas wells. Adpsigerhigsxto be
found (often with the addition of retahdenscan be used to lengthen the setfing time
in order to provide acceptable thickening times to the mixture. By doing this, the slurries
can be pumpable in downhole conditions, withomisiaghptber important properties
for oll field applicatidikethecompressive strength.

1 Geopolymers developed reasonable comptessywhich can be even more
improved depending on the purpose and kind of application.

1 The results confirmeddleapolymeric materials are highly resistant to HCI acid in terms
of a very low mass loss and compressive strength loss when compared to conventional
concrete foreseeing better durability in aggressive environments.

1 The results found in these experindiogterthat there is a potential to use-fly ash
based geopolymers as an alternative cementing material for plug and abandonment.
Unfortunately, due to lack of research on applicatomafehials in oil wells, these
materials are not presentlyegelived in the industry. Further research is needed on this
subject before the geopolymers can be applied in real cases.

76



(8

AALBORG UNIVERSITY

9.References

[1] Offshoreenergy.dk, OffshoreBook Oil & Gas, 3rd edition, Esbjerg: Offshoree

[2] Y. &. Q. Bai, Subsea Engineering Handbook, Elsevier Inc., 2012.

[3] Scottish Enterprise and Decom North Sea, Decommissioning in th&éloetv !
Decommissioning Capacity, Arup, 2014.

[4] M. Mainguy, P. Longuemare, A. Audibert and E. Lécolier, "Analyzing the R
Failure after Abandonmer@®jl & Gas Science and Techriokey. IFP, Vol.,a8astitt
francais du pétrole, 2007, pg324.1

[5] D. T. Eshraghi, "R&#atis on regulations and technology, and identification «
improvements,” University of Stavargeulty of Science and Technology, St:
2013.

[6] I. Barclay, J. Pellenbarg, F. Tettero, J. Pfeiffer, H. Slater, T. Staal, Dn&#led (
Whitney, "The Beginning of the End: A Review of Abandonment and De
Practices," (ilfield RevieBchlumberger, 2002, pp128

[7] J. A. A. Toro, "Master thadsw technology trends for effective Plug and Abar
University of Stavangegiculty of Science and Technology, Stavanger, 2013.
[8] D. K. Smith, Handbook on Well Plugging and Abandonment, pennWell Book

[9] Norwegian Petroleum Industry, NORSOK Sté@dak¥&l integrity in drilling aril
operations, Standards Norway, 2004.

[10 M. Martin and S. Fields, "The Plugging Process: Securing Old Gas & O
Protection of the Environmeméaommissioning Worksh8g7.

[11 American Petroleum Institute, APl BULLETINI BA®aMdenment and Inactive
Practices for U.S. Exploration and Production Operations, American Petr
1993.

[12 T. Ferg, "Developments inTdaditional Plug and Abandonment Methods," Conc
2013.

[13 S. Ramvik, "Magteesis Application of fly dssed geopolymer as an alternative
for plug and abandonment,” University of Stavaogity of Science and Techn
Stavanger, 2013.

[14 Statoil, "Plug & Abandonm@ntintroduction,” Statoil.

[15T. Steffek, "Cement Plug Testing: Weight vs. Pressure Testing to Asses:
Wellbore Seal Between Zones," CSI Technologies, 2012.

[16 E. B. Nelson, Well Cementing, Schlumberger Educational Services, 1990.

77



AALBORG UNIVER!{&'Y

[17 E. B. Nelson and D. Guillot,G&eienting, Second Edition, Schlumberger, 200¢

[18 W. Renpu, Advanced Well Completion Engineering, 3rd Edition, Gulf Profess
2008.

[19 S. Carrol, J. W. Carey, D. Dzombak, N. J. Huerta, L. Li, T. Richard, W. Um,
L. Zhang, "Review: Role of chemistry, mechanics, and transport on well i
storage environmeniistérnational Journal of Greenhouse Gas GoAteolpp. 14
160, 2016.

[20 E. Pershikova, O. Porcherie, S. Kefi, Y. Boubeguira and H. Achtal, "Pumpal
comprising a fldads agent”. USA Patent US8.535.437B2, 17 September 201

[21V. BarleGouedard, B. ZusAfzache and ®orcherie, "Geopolymer compositi
application in oilfield industry". France Patent EP1887065B1, 10 11 2010.

[22 Schlumberger, "Carbonate Stimuldiidaie East & Asia Reservoir Review, nyop
5063, 2007.

[23 Rigzone, "How Does WellliZing Work to Stimulate Production?,"” [Online].
http://www.rigzone.com/training/insight.asp?insight_id=320. [Accessed 21 V

[24 American Petroleum Institute, "Acidizeegment in Oil and Gas Operators,” A
Petroleum Imsite, 2014.

[25 B. Glazer, C. Graber, C. Roose, P. Syrett and C. Youssef, "Fly Ash in Concre
2011.

[26 B. V. Rangan and D. Hardjito, "Development and propedssiwh |dw aftase:
geopolymer concrete,” Curtin UniveT&thaology, Perth, 2005.

[27 M. Khalifeh, A. Saasen, T. Vristad, H. B. Larsen and H. Hodne, "Cap Rocl
Plug and Abandonment Operations; Possible UtilizaticBaskd@Btopolymers
Permanent Zonal isolation and Well Pluggiaty,'ocB&etroleum Engineers, 201&

[28 J. Davidovits, Geopoly@dremistry & Applications, 3rd Edition, Institut Géopol

[29 S. Salehi, M. J. Khattak, N. Ali and H. R. Rizvi, "Development ofi@segdame
Slurries with Enhanced Thickening Time, Compressive and Shear Bonc
Durability," IADC/SPE Drilling Conference and Exlkibitid®dorth, Texas, UBAHZ

[30 The Aberdeen Group, "How microsilica improves concrete,” The Aberdeen (

[31 Columbia University Press, "Infoplease,” The Columbia Electronic Encyclopt

2012. [Online]. Available: http://www.infoplease.comdimspitmue/watgass. htn
[Accessed 21 May 2016].

[32 A. M. M. Al Bakri, H. Kamarudin, M. Bnhussain, K. Nizar, A. R. Rafiza and
Processing, Characterization and Properties of Fly Ash Based Geopolyi
Advanced Study Ceter Ltd., 2012.

78



(8

AALBORG UNIVERSITY

[33 P. Chindaprasirt, P. De Silva, K. -Sagoisil and S. Hanjitsuwan, "Effect of S
Al203 on the setting and hardening of high calcidbasidagdopolymer syste
Springer Science+Business Media, 2011.

[34 P. DuxsorA. Ferndndeliménez, J. L. Provis, G. C. Lukey, A. Palomo and J
Deventer, "Geopolymer technology: the current state of the art,” Springer Sc
Media, 2006.

[35 P. M. May and D. Rowland, "Joint Expert Speciation SysterfivrsitychOnlii
Available: http://jess.murdoch.edulanfegvwhlip.pl?f77=hlpwww&z1=08. [Acce
June 2016].

[36 K. T. Nguyen, Y. H. Lee, J. Lee and N. Ahn, "Acid Resistance and Curing Pro
Fly Astgeopolymer Concrelefiral of Asian Architecture and Building Engineer
no.2pp. 31822, 2013.

[37 K. Wirth, Macalester College and A. Barth, "Geochemical Instrumentation)Xa
Ray Fluorescence (XRF)," The Science Education Resource Center kg€
[Online]. Avalilal
http://serc.carleton.edu/research_education/geochemsheets/techniques/XRI
[Accessed 21 May 2016].

[38 Malvern Instruments Ltd, "Measuring Molecular Weight, Size and Branchir
Malvern Instruments Ltd, 25th ly Ju2015. [Online]. Avail
http://www.azom.com/article.aspx?ArticlelD=12255. [Accessed 07 June 201

[39 Particle Analytical, "Differential Scanning Calorimetry (DSC) theory," Par
[Online]. Available: http://particle.dk/rraatbjtitssdaboratory/dslifferentiscannin
calorimetry/dsiteory/. [Accessed 21 May 2016].

[40 Polymer Science Learning Center, "The glass transition,” Polymer Science |
2005. [Online]. Available: http://pslc.ws/macrog/tg.htm.JAdtag26d 6].

[41 C. Lam and S. A. Jefferis, "Interpretation of Viscometer Test Results for P
Fluids".

[42 O. Porcherie, E. Pershikova, G. Rimmele, H. Achtal and Y. Boubegui
geopolymers comprising a mixing ailtsparsing agent”. France Patent EP233
29 June 2011.

[43 A. Malik, "Acid attack in concrete,” University of Alberta, Alberta.

79



APPENDIX

BollerupJensen

K

AALBORG UNIVERSITY

PRODUKTDATABLAD

FLYDENDE KALIVANDGLAS (KALIUMSILIKAT)

TYPE 4009
°Be = 40
K,0 % = 132
Si0; % = 26,2
Torstof % = 394
GV* = 2,00
MV* = 3,14
Visk. m. Pas/20°C = 100 - 120
Vi = 1.38

+- 04
+/- 0,2
+/- 0,5
+/- 1,0
+/- 0,05
+/- 0,1

*MV (Mol-Verhiltnis = mol forhold). GV (Gewicht-Verhiltnis = vaegt forhold).

Forholdet mellem K,0:S10,

BollerupJensen

PRODUKTDATABLAD

FLYDENDE NATRONVANDGLAS (NATRIUMSILIKAT)

TYPEL 44
°Be = 44
Na,0 % = 12,80
Si0; % = 25,60
Torstof = 38,40
GV=* = 2,0
MV* = 21
V1. (veegtfylde) = 1,44

+-0,5
+-1,0
+-15
+/-0,1
+/-0,1
+/-0,01

*MV (Mol-Verhaltnis = mol forhold). GV (Gewicht-Verhaltnis = vagt forhold)

Forholdet mellem Na,0:Si0,

80



(8

AALBORG UNIVERSITY

BollerupJensen

Kaliumsilikat Revideret d.: 13.07.2015
Erstatter d.: 20.01.2014
Initialer: MBK

SIKKERHEDSDATABLAD

1 ldentifikation af stoffet/blandingen og af selskabet/virksomheden

1.1 Produktidentifikator.

PR-nummer: 1951693
REACH-reg.nr. 01-2119456888-17-xxxx
Handelsnavn: Kaliumsilikat, vandig oplesning — Kalivandglas; type 4009

1.2 Relevante identificerede anvendelser for stoffet eller blandingen samt anvendelser, der frarddes.

Anvendelser: Réamateriale til bl.a. brandhaemmende, bindemidler, blegning, maling og andre industrielle formal.
Branche: Industrien.
Fraradede anvendelser: Ingen kendte

1.3 Naermere oplysninger om leveranderen af sikkerhedsdatabladet.

Leverandor: Bollerup Jensen A/S
Bindesbelvej 16 — 20, Adum, 6880 Tarm
Telefon: 9737 6033; Fax: 9737 6268
E-mail: inffo@bollerup-jensen.dk
1.4 Nodtelefon.
Kontakt: Giftlinien: 82 12 12 12. Laegen kan fa rad om behandling fra giftinformationen pa Bispebjerg Hospital.

Leveranderen: 97 37 60 33 (mandag—torsdag: 8-16 og fredag: 8-15)

2 Fareidentifikation

2.1 Klassificering af stoffet eller blandingen.

CLP-klassificering: Produktet er klassificeret i henhold til Europa-parlamentets og radets forordning (EF) Nr.
1272/2008 samt CEES (Center Européen d'Etude des Silicates) Soluble Silicates June 2014.
Skin Irrit. 2 og Eye Irrit. 2

Vaesentligste skadevirkninger: Kan fremkalde irritation af gjet og virke irriterende pa
huden, ved laengere tids pavirkning.

2.2 Mzerkningselementer.  Produktet er maerknings pligtig. MR 3,1

CLP-klassificering

Signalord: Advarsel
Piktogram:
H-saetninger: H315; Forarsager hudirritation.

H319; Forarsager alvorlig gjenirritation.

P-saetninger: P262 (Ma ikke komme i kontakt med ejne, hud eller tgj).
P280 (Baer beskyttelseshandsker/beskyttelsestoj/gjenbeskyttelse/ansigtsbeskyttelse).
P303+P361+P353 (VED KONTAKT MED HUDEN(eller haret): Tilsmudset toj tages straks af/
fiernes. Skyl/brus huden med vand).
P305+P351+P338 (VED KONTAKT MED @JNENE: Skyl forsigtigt med vand i flere minutter.
Fjern eventuelle kontaktlinser, hvis det kan gere let. Fortsaet skylning).
P314 (Seg lsegehjeelp ved ubehag).

2.3 Andre farer. Produktet opfylder ikke kriterierne for PBT eller vPvB.
Ingen seerlig risiko ved anvendelse efter leveranderens anvisninger.
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3 Sammensazetning af/oplysning om indholdsstoffer

3.1 Stoffer / 3.2 Blandinger

CAS-nr. Stofnavn Klassificering wiw % Note
1312-76-1 Kaliumsilikat Ikke klassificeret af leveranderen 30-50
(MR >3,2)

4 Forstehjaelpsforanstaltninger

4.1 Beskrivelse af forstehjeelpsforanstaltninger

Generelle rad: Ved ubehag, sog laege og medbring etiketten eller dette Sikkerhedsdatablad.
Laegen kan fa rad om behandling fra Giftlinjen.
Produktet er alkalisk.

Indanding: Intet seerligt. Produktet er ikke flygtigt. Ved ubehag sog frisk luft.

Indtagelse: Skyl munden grundigt og drik meget vand. Fremkald ikke opkastning.

Hud: Vask huden med lunken vand.

Qjne: Skyl straks med vand (helst fra gjenskyller) i mindst 15 min. Spil gjet godt op.

Fjern eventuelle kontaktlinser.

4.2 Vigtige symptomer og virkninger, bade akutte og forsinkede

Ubehag kan forekomme ved indtagelse. Staenk i @jnene kan give irritation

4.3 Angivelse af om gjeblikkelig lzegehjaelp og szerlig behandling er nedvendig

Sog laege ved vedvarende ubehaglirritation og medbring dette Sikkerhedsdatablad.

5 Brandbekaempelse

5.1 Slukningsmidler:
Egnede slukningsmidler: Produktet er ikke umiddelbart antaendeligt.

Brand slukkes med vandtége, pulver, skum, kulsyre.

Uegnede slukningsmidler: Vandstrale, da det kan sprede branden.

5.2 Seerlige farer i forbindelse med stoffet eller blandingen:
Produktet er alkalisk og reagerer med syrer (oplesninger af bl.a. phosphor-, salpeter-, salt- og

svovlsyre og konc. flussyre).

5.3 Anvisninger for brandmandskab:
Brug passende personlig beskyttelse i tilfaelde af brand (handsker, briller og dndedraetsvaern).

Undga indanding af dampe og reggasser — sog frisk luft.
Hvis det kan geres uden fare, fiernes beholdere fra det brandtruede omrade.

6 Forholdsregler over for udslip ved uheld

6.1 Personlige sikkerhedsforanstaltninger, personlige vaernemidler og nedprocedurer

For ikke-indsatspersonel: Brug handsker og briller ved risiko for staenk i gjnene.
Anvend samme typer vaernemidler som naevnt i punkt 8.

For indsatspersonel: Brug handsker og briller ved risiko for staenk i gjnene.
Anvend samme typer vaernemidler som naevnt i punkt 8.
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6.2 Miljobeskyttelsesforanstaltninger
Forhindre at sterre spild lober ud i aflob og kloak.

6.3 Metoder og udstyr til inddaemning og oprensning

Sterre spild inddeemmes og opsamles med sand, kattegrus eller andet absorberende materialer og
overfores til egnede affaldsbeholdere. Evt. nedstopsanlaeg til kloak aktiveres.

Sma maengder spild, kan spules bort med vand.

Vask under alle omstaendigheder det forurenede omrade grundigt med vand, for at hindre
glideulykker.

6.4 Henvisning til andre punkter
Punkt 1 for kontaktoplysninger ved uheld/ulykke.

Punkt 8 for typer af vaernemidler.
Punkt 13 for bortskaffelse.

7 Handtering og opbev.

7.1 Forholdsregler for sikker handtering:

Generelle rad: Der er ingen farlige dampe over produktet, hvorfor udsugning ikke er nedvendig.
Undga at spise og drikke, nar der arbejdes med produktet. Serg for god hygiejne.
Der skal veere adgang til rindende vand og ejenskyller.
Se punkt 8 for oplysninger om forholdsregler ved brug og personlige vaernemidler.

7.2 Betingelser for sikker opbevaring, herunder eventuel uforenelighed:

Generelle rad: Produktet opbevares bedst i originalemballage eller tilsvarende materiale (polyethylen,
rustfrit stal og stal), teet lukket og tert. Opbevares frostfrit, bedst ved temp. 15-60°C.

Uegnet emballage materiale: brug aldrig galvaniserede emballager, emballager af letmetaller, glas
eller emballager som er fremstillet af zink, tin, aluminium eller deres legeringer.

Bor opbevares forsvarligt ikke sammen med syre, utilgaengeligt for bern og ikke sammen med
levnedsmidler, foderstoffer, laegemidler og lign.

7.3 Seerlige anvendelser: Ingen.

8 Eksponeringskontrol/personlige vaernemidler

8.1 Kontrolparametre
Graenseveerdier for
Indholdsstoffer i pkt. 3: Inclhicidsstaf

graensevaerdi anmaerkning

Kaliumsilikat 2 mg/m? (15 minTWA)
(pavirkningsgraense, analogt
med kaliumhydroxid)

Anmeerkninger:

Retsgrundlag: At-vejledning C.0.1, 2007, Graenseveerdier for stoffer og materialer.
Malemetoder: Overholdelse af de angivne graensevaerdier kan kontrolleres ved arbejdshygiejniske malinger.
DNEL-veerdier: langtidsvirkning, general: via huden: 1,49 mg/kg
via andedraetsorganerne: 5,61 mg/m?
langtidsvirkning, lokal:  via huden: ingen data
via andedrzetsorganerne: ingen data
PNEC-veerdier: vandmiljoet — fersk vand: 7,5 mg/l
vandmiljoet — so vand: 1,0 mg/l
diskontinuerlig udledning til vand: 7,5 mg/l
slam: 348,0 mg/l
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8.2 Eksponeringskontrol

Egnede foranstaltninger til
Eksponeringskontrol:

Personlige vaernemidler:
Q@jenveern:
Hudbeskyttelse:

Andedraetsveern:

Undga at fa produktet pa huden og i gjnene. Der skal vaere adgang til rindende vand og
ojenskyller. Vask haenderne for pauser, ved toiletbeseg og efter endt arbejde.

Brug beskyttelsesbriller ved risiko for staenk i gjnene.

Brug handsker af gummi, nitril eller lignende som er alkali eller kemikalie resistente.
Gennembrudstid >480 minutter og index 6.

Ikke pakraevet ved normal anvendelse. | tilfzelde af dannelse af aerosoler og utilstraekkelig

ventilation, anvend passende dndedraetsvaern med halvmaske og filter til aerosoler

(P2-filter).

9 Fysiske - Kemiske egenskaber

9.1 Oplysninger om grundlaeggende fysiske og kemiske egenskaber.

Egenskaber:

9.2 Andre oplysninger

Udseende: Flydende
Farve: farvelos
Lugt: lugtles
Lugttaerskel: Ingen data
pH-vaerdi (koncentreret): 13
pH-veaerdi (brugsoplesning): Ingen data
Smeltepunkt/frysepunkt: ca.-3°C
Begyndelseskogepunkt og
Kogepunktsinterval: ca. 100°C
Flammepunkt: Ingen data

Antaendelighed
(fast stof, luftart):
Ovre/nedre antaendelses-

Produktet er ikke brandbart

eller eksplosionsgranser: Ingen data
Damptryk: Ingen data
Dampmassefylde: Ingen data
Relativ massefylde (vf.): 1,38 g/ml
Oploselighed: Oploeselig
Fordelingskoefficient

n-octanol/vand: Ingen data
Selvantzendelsestemperatur: Ingen data
Dekomponeringstemperatur: Ingen data
Viskositet: 105-115 mPas
Eksplosive egenskaber: Ingen data
Oxiderende egenskaber: Ingen data

Ingen relevante

10 Stabilitet og reaktivitet

10.1 Reaktivitet

Se 10.5

Produktet danner varme ved tilsaetning af syrer.

Produktet danner brint (ved kontakt med de metaller omtalt i 10.5) der blandet med luft,

kan danne en eksplosiv blanding.

10.2 Kemisk stabilitet Produktet er stabilt ved anvendelse efter leveranderens anvisninger.

10.3 Risiko for farlige reaktioner

Kan veere eksplosivt ved kontakt med naevnte metaller (se 10.5) blandet med luft.

10.4 Forhold, der skal undgds
Produktet ber ikke udsaettes for varme (over 60°C) samt frost.
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10.5 Materialer, der skal undgas
Reagerer med galvaniserede metaller, aluminium og andre letmetaller samt legeringer

deraf f.eks. tin og zink med dannelse af brint som kan danne eksplosive blandinger med luft.
Reagerer med syrer ved dannelse af varme. Atser glasoverflader.

10.6 Farlige nedbrydningsprodukter
Ingen kendte.

11 Toksikologiske oplysninger

11.1 Oplysninger om toksikologiske virkninger

Akut toksicitet Alle symptomer er pga. den hgje basiske pH-vaerdi.
- Oral (Indtagelse): Kan give ubehag. LD50(rotte) >5000 mg/kg (legemsvaegt)
- Dermal (Hudkontakt): Kan virke irriterende. LD50 (rotte) >5000 mg/kg (legemsvaegt).
- Indénding: Kan virke irriterende pa naesens slimhinder og luftvejene.

LC50 (rotte) > 2,06 g/m?.

Hudaetsning/-irritation: Kan virke irriterende pa huden ved laengere tids pavirkning.
Det er ikke pavist, at produktet er aetsende, pa trods af hej pH, (pa tilsvarende produkter).

Alvorlig ejenskade/gjenirritation:
Staenk i gjnene kan fremkalde irritation af ojet.

Sensibilisering / Respiratorisk sensibilisering eller hudsensibilisering:
Produktet mistaenkes ikke for at vaere sensibiliserende.

Mutagenicitet / Kimcellemutagenicitet:
Produktet er ikke mutagent.

Kreeftfremkaldende egenskaber: Produktet mistaenkes ikke for at veere kraeftfremkaldende.
Reproduktionstoksicitet: Produktet mistaenkes ikke for at veere reproduktionsskadeligt.

Andre toksikologiske virkninger: STOT — Enkelt eksponering: ikke klassificeret (stov vil irritere naese, hals og luftveje)
STOT - Gentagen eksponering: ikke klassificeret (NOAEL oral (rotte) 159 mg/kg)

Aspirationsfare: Ingen data.

12 Miljooplysninger

12.1 Toksicitet Undga at udlede spild og rester til miljoet.

-Akut toksicitet: Fisk (Leuciscus idus) LC50(48h) > 146 mgl/l.
Hvirvellose vanddyr (Daphnia magna) EC50(24h) > 146 mg/|

-Kronisk toksicitet: Alger (Scenedesmus subspicatus) EC50 (72h, biomasse) 207 mg/I.
Alger (Scenedesmus subspicatus) EC50 (72h, vaekstrate) > 345,4 mg/l.
Bakterier (Pseudomonas putida) ECO (18h) > 10000 mg/l (pH 7,6-7,8),
svarende til > 3480 mg aktiv prove/l.
Bakterier (Pseudomonas putida) ECO (18h) > 1000 mg/l (pH>9),
svarende til > 348 mg aktiv prove/l.
Bakterier ECO (30 minutter, haemning, ilt) 3454 mgl/|

12.2 Persistens og nedbrydelighed
Produktet er let nedbrydeligt i vandmilje.

12.3 Bioakkumuleringspotentiale
Ikke bioakkumulerende.
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12.4 Mobilitet i jord

Ikke relevant

12.5 Resultater af PBT- og vPvB-vurdering

12.6 Andre negative virkninger

Produktet opfylder ikke kriterierne for PBT og vPvB.

Produktet vil lokalt zendre pH i vandmiljget, ved udledning af heje koncentrationer.

13 Forhold vedrorende bortskaffelse

13.1 Metoder til affaldsbehandling

Affaldsgrupper:
(Storre spild)

Absorptionsmiddel/klude
forurenet med produktet:

Produktet er ikke farligt affald i henhold til Affaldsbekendtgerelsen.

Det anbefales at storre spild og affald, bortskaffes via den kommunale affaldsordning med
nedstaende specifikationer (Kemikalieaffaldsgruppe og affaldsfraktion).

Mindre spild og affald bortskaffes via dagrenovationen.

Kemikalieaffaldsgruppe: X Affaldsfraktion: 04.32
EAK-kode: afhaengig af branche og anvendelse,
(f.eks. 06 02 99; andet affald, ikke andetsteds specificeret).

Kemikalieaffaldsgruppe: Z Affaldsfraktion: 05.99
EAK-kode:15 02 03; absorptionsmidler, filtermaterialer, aftarringsklude og beskyttelsesdragter,
bortset fra affald tilherende under 15 02 02.

14 Transportoplysninger

ADR/RID (vej/jernbane)

14.1 UN-nummer

14.2 UN-forsendelsesbetegnelse
(UN proper shipping name)

14.3 Transportfareklasse(r)

14.4 Emballagegruppe
Tunnelrestriktionskode

14.5 Miljofarer

Supplerende informationer

ADN (indre vandvej)

14.1 UN-nummer

14.2 UN-forsendelsesbetegnelse
(UN proper shipping name)

14.3 Transportfareklasse(r)

14.4 Emballagegruppe

14.5 Miljofarer
Miljofare i tankskibe

Supplerende informationer

IMDG (setransport)

14.1 UN-nummer

14.2 UN-forsendelsesbetegnelse
(UN proper shipping name)

14.3 Transportfareklasse(r)

14.4 Emballagegruppe

14.5 Miljofarer
IMDG Code segregation group

Supplerende informationer

Produktet er ikke omfattet af reglerne om farligt gods.

Produktet er ikke omfattet af reglerne om farligt gods.

Produktet er ikke omfattet af reglerne om farligt gods.
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ICAO/IATA (lufttransport)

14.1 UN-nummer -

14.2 UN-forsendelsesbetegnelse -
(UN proper shipping name) -

14.3 Transportfareklasse(r) -

14.4 Emballagegruppe -

Supplerende informationer Produktet er ikke omfattet af reglerne om farligt gods.

14.6 Szerlige forsigtighedsregler for brugeren
Ingen

14.7 Bulktransport i henhold til bilag Il i MARPOL 73/78 oqg IBC-koden

Ingen
Supplerende informationer: Produktet er ikke omfattet af reglerne om farligt gods.
15 Oplysninger om regulering
Anden regulering: Ingen kendte.
Szerlige forhold: Ingen kendte.

15.1 Szerlige bestemmelser/szerlig lovgivning for stoffet eller blandingen med hensyn til sikkerhed, sundhed og miljo

Seerlige bestemmelser Brugeren bor have kendskab til dette Sikkerhedsdatablad.
Tilladelser Ingen tilladelser nedvendige
vocC Ikke omfattet
15.2 Kemikaliesikkerhedsvurdering Der er udfert kemikaliesikkerhedsvurdering/eksponeringsscenarie, der

kan rekvireres, ved anmodning.

16 Andre oplysninger

Anvendte kilder: Europa-Parlamentets og Radets forordning (EF) nr. 1272/2008, om klassificering, meerkning og emballering

af stoffer og blandinger.

CEES (Centre Européen d'Etude des Silicates) june 2014

Bekendtgarelse om szerlige pligter for fremstillere, leveranderer og importerer mv. af stoffer og materialer
efter lov om arbejdsmilje nr. 559/2002 + forordning 1907/2006/EF

Miljostyrelsens bekendtgarelse om affald nr. 1309 af 18. december 2012

Justitsministeriets bekendtgerelse om transport af farligt gods ADR 2011 og IMDG 2010

AT-bekendtgerelse om graensevaerdier for stoffer og materialer nr. 507 af 17. maj 2011
(endret ved nr. 1134 af 1. december 2011)

@vrige oplysninger: Information geelder kun det omtalte produkt, og er ikke nedvendigvis geeldende, hvis produktet
anvendes sammen med andre produkter eller indgar i en kemisk proces.
Informationen er efter vor bedste overbevisning korrekt og komplet og er givet i god tro, men uden
garanti.
Det forbliver brugerens eget ansvar at sikre sig, at informationerne er korrekt og komplet til hans
specielle brug af produktet. Dvs. at brugeren udferer egne test for at sikre, at produktet opferer sig
som brugeren onsker.
Dette Sikkerhedsdatablad er udarbejdet pa baggrund af de oplysninger, leveranderen
har kunnet levere om produktet ved udarbejdelsen (datablade og lignende).

Uddannelse: Ingen seerlige krav til uddannelse.
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Anvendelsesomrader:

Metode til klassificering:

H-saetninger naevnt i
punkt 3:

Der er foretaget andringer
i folgende punkter:

Forkortelser:

Industrielle anvendelsesmuligheder: Kemikalie- og andre industrier — ra materiale.

Testdata (brobygningsprincip)

Fjerne DPD klassificering

CLP Classification, labelling and Packaging

STOT Specific Target Organ Toxicity

PNEC Predicted No Effect Concentration

DNEL Derived No Effect Level

TWA tidsvaegtet gennemsnit

LD50 Lethal Dose/dedlig dosis 50%

LC50 Lethal Concentration/dedlig koncentration 50%
EC50 Effect Concentration/effektiv koncentration 50%
ECO Effect Concentration/effektiv konsentration 0%
NOAEC No Observed Adverse Effect Concentration
NOAEL No Observed Adverse Effect Level

PBT Persistente, Bioakkumulerende og Toksiske
vPvB very Persistente, very Bioakkumulerende

voC Volatile Organic Compound/flygtige organiske forbindelser
EAK Europaeiske AffaldsKatalog

H-saetning Hazard/fare-saetning

P-saetning Precaution/sikkerheds-saetning
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SIKKERHEDSDATABLAD

ation af stoffet/blandingen og af selskabet/virksomheden

1.1 Produktidentifikator.

PR-nummer: 1709418
REACH-reg.nr. 01-2119448725-31-xXXX
Handelsnavn: Natriumsilikat (Natronvandglas); type (alkalisk) 44; 46; 48; 50

1.2 Relevante identificerede anvendelser for stoffet eller blandingen samt anvendelser, der frarades.

Anvendelser: Kemikalieindustrien — ra materiale.
Cellulose- og papirindustrien — basis kemikalier. Vaskemiddel industrien — ra materiale.
Kan desuden anvendes til behandling af bl.a. fugtige vaegge, uteette krukker, potter og

lignende.
Branche: Industrien.
Fraradede anvendelser: Ingen kendte

1.3 Naermere oplysninger om leveranderen af sikkerhedsdatabladet.

Leverandor: Bollerup Jensen A/S
Bindesbelvej 16 — 20, Adum, 6880 Tarm
Telefon: 9737 6033; Fax: 9737 6268
E-mail: info@bollerup-jensen.dk
1.4 Nedtelefon.
Kontakt: Giftlinien: 82 12 12 12. Laegen kan fa rad om behandling fra giftinformationen pa Bispebjerg Hospital.
Leveranderen: 97 37 60 33 (mandag-torsdag: 8-16 og fredag: 8-15)

2 Fareidentifikation

2.1 Klassificering af stoffet eller blandingen.

CLP-klassificering: Produktet er klassificeret i henhold til Europa-parlamentets og radets forordning (EF) Nr.
1272/2008 samt CEES (Center Européen d’Etude des Silicates) Soluble Silicates June 2014.
Skin Irrit. 2 og Eye Dam. 1

Vaesentligste skadevirkninger: Kan fremkalde skade pa ojet og virke irriterende pa
huden.

2.2 Mzerkningselementer. Produktet er maerknings pligtig. MR 2,1
CLP-klassificering

Signalord: Fare
Piktogram:
H-saetninger: H315; Forarsager hudirritation.

H318; Forarsager alvorlig gjenskade.

P-saetninger: P262 (Ma ikke komme i kontakt med gjne, hud eller toj).
P280 (Baer beskyttelseshandsker/beskyttelsestaj/gjenbeskyttelse/ansigtsbeskyttelse).
P303+P361+P353 (VED KONTAKT MED HUDEN (eller haret): Tilsmudset tgj tages straks af/
fiernes. Skyl/brus huden med vand).
P305+P351+P338 (VED KONTAKT MED @JNENE: Skyl forsigtigt med vand i flere minutter.
fiern eventuelle kontaktlinser, hvis det kan gore let. Fortsaet skylning).
P314 (Seg leegehjeelp ved ubehag).

2.3 Andre farer. Produktet opfylder ikke kriterierne for PBT eller vPVB.
Ingen seerlig risiko ved anvendelse efter leveranderens anvisninger.
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