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Abstract: Carbon capture and storage (CCS) technique is found as a best solution to reduce the emission of CO; to
the atmosphere. In this technique, the CO. emitted from large industries is captured, and pressurized, and finally
injected into deep underground reservoirs. In a geological sequestration project, integrity of injection well play an
important role. It means the well cement is a key factor that affects the well integrity. In typical injection wells,
Ordinary Portland cement (OPC) based cement is used as well cement and it has been found that it undergoes
degradation in CO- rich environment. Geopolymer can be a good alternative to existing OPC based well cement as
it has been found that geopolymer possess high strength and durability compared to OPC. Geopolymer is a binder
produced through the process called geopolymerization of alumino- silicate materials and alkaline activators. In the
sequestration wells, well cement is exposed to different curing temperatures with a geothermal gradient of
30°C/km. Therefore, it is important to study the mechanical behaviour of well cement with curing temperatures
expected deep under the ground. Therefore, this research aims to study geopolymer as well cement and its
mechanical behaviour at different curing temperatures (25, 40, 50, 60, 70, 80 °C). In addition, effect of ageing on
the mechanical behaviour was also studied. The OPC samples were tested for the comparison of results with
geopolymer. The results showed that the optimal curing temperature for higher strength of geopolymer and OPC are
60 °C and 50 °C respectively. Geopolymer possess highest strength at elevated temperatures whereas OPC possess
higher strength at ambient temperatures. Moreover, at elevated temperature curing, geopolymer develops ultimate

strength within short curing period and it does not gain significant strength with further ageing.
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1. Introduction

Emission of greenhouse gases is a major problem
in the world. Of all greenhouse gases, CO: is
responsible for 64% of the greenhouse gas effects
[1]. There are so many ways to reduce the emission
of greenhouse gases; such as minimizing fossil fuel
consumption in industries and vehicles, increasing
the energy conversion efficiency of fossil fuels,
switching energy sources in to renewable energy
sources such as wind energy, wave energy and
solar radiation and capturing and storing carbon
dioxide in deep under the ground [1, 2]. Of all the
proposed methods, carbon capture and storage
(CCS) technique is found as a good solution to
reduce CO, emission to atmosphere [3].

The lifetime of CCS projects depends on many
factors and within these well integrity plays an
important role. Well cement is the major factor that
affects well integrity and, in the injection wells,
Ordinary Portland Cement (OPC) based cement
(class G, H) is used as well cement. According to

previous studies [4, 5], OPC undergoes
degradation in CO; rich environment due to the
reaction with dissolved CO in brine. Kutchko et al
[4], found that when OPC based well cement
exposed to a CO; rich environment, it undergoes
carbonation followed by cement degradation.
Three distinct zones were identified in degraded
cement, the outer most zone was fully changed as
calcium bicarbonate and that is an easily solluable
substance. The second zone is calcium carbonate
which was the results of the reaction between
Ca(OH), and dissolved CO; and the third zone is
unaltered cement. In addition, various other
researchers [5, 6, 7] have also found that OPC
based well cement experiences degradation
exposed to CO; rich environment.

This paper examines geopolymer as well cement
since, geopolymer possess high strength, excellent
acid resistance characteristics and high durability
[8, 9]. Davidovits, [10] proposed that an alkaline
liquid could be used to react with the silicon (Si)
and the aluminium (Al) in a source material of
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geological origin or in by-product materials such as
fly ash and rice husk ash to produce binders and he
termed these binders as geopolymers. Any
alumino-silicate material can be used as raw
material to produce geopolymer binder. When the
alumino-silicate materials mixed with alkaline
agent and the polymerization process will initiate.
A generalized formula for geopolymer is as
follows:

M n [-(SIOz)Z —A|Oz] n.w H20
where z is 1, 2 or 3; M is an alkali cation, such as
potassium or sodium, and n is the degree of
polymerization [10, 11].
There are many advantages by using geopolymer
in construction of injection wells compared to
OPC. The manufacture of geopolymer emits 90 %
less CO. and consumes 50 % less energy compared
to OPC [12]. Furthermore the geopolymer concrete
manufacture costs 10-30 % less than that of OPC
concrete [13].
A typical underground well is constructed from
ground level to the required depth depends on the
injection reservoir level and it may vary from 800
m to 2 km. As the temperature is varying with
depth with a geothermal gradient of 30 °C/ km [2],
the well cement is exposed to different
temperatures varying up to approximately 80 °C.
Therefore variation of mechanical behaviour of
geopolymer at different down-hole temperature
conditions need to be studied in order to predict the
behaviour of geopolymer cement during the life
time in the down-hole conditions. This paper
investigate geopolymer as well cement and its
mechanical behaviour with curing temperature
from ambient level (27 °C) to 80 °C. Testings such
as X-Ray Diffraction analysis (XRD), Uniaxial
Compressive Strength (UCS) and Scanning
Electron Microscope (SEM) analysis were
conducted to study the behaviour of well cement at
different temperature conditions.

2. Materials and Methodology

To date most of the researches on geopolymer
concrete was done with geopolymer paste with
aggregates and also for elevated temperature
curing to study fire resistance properties. In this
research, geopolymer paste was used instead of
concrete as the annular space in typical well is
between 30- 80 mm. in addition, the sole purpose
of well cement is to provide zonal isolation (low
permeability) and required mechanical strength.
Hence, cement paste is used in wells instead of
mortar or concrete.

2.1 Materials

Geopolymer paste samples was prepared using fly
ash as the alumino-silicate material and
combination of NaOH and Na.SiOs; as alkaline
activator. The ASTM class F fly ash (low calcium)
which is produced at Nuraichcholai coal power
plant, Puttalam, Sri Lanka, was obtained from
Holcim Lanka (Pvt) Itd. 8 M NaOH solution was
mixed with Na,SiOz with a ratio of Na,SiOs to
NaOH of 2.5 to obtain higher strength [14]. The
ratio of alkaline activator to fly ash used was 0.4
for all the mix design. In addition, sulphate
resistant OPC samples was tested to compare the
results. Sulphate resistance OPC was obtained
from Holcim Lanka (Pvt) Ltd. For the mix of OPC
samples, a wic ratio of 0.44 was used as it is found
to be the optimum to achieve higher strength [15].
The mix compositions of fly ash and OPC was
obtained from X-Ray Diffraction (XRD) test and
the results are shown in Table 1.

Table 1: Compositions of fly ash and OPC

Constituents Percentage (%)
Fly ash oPC

Si0; 52.03 2038
Al,Os 32.31 79
Fe:0s 7.04 3.6
Cca0 5.55 64.4
Mgo 1.3 0.98
S0s 0.07 221
K-0 0.68 o

° 1 0.01

2.2 Sample preparation and experimental
methodology

Geopolymer paste was prepared by mixing fly ash
with alkaline activator in above proportions. The
NaOH pellets was mixed with distilled water to
prepare 8 M NaOH solution. This was mixed with
NazSiO3; with above proportions and the alkaline
activator was prepared. PVC pipes with 50 mm
diameter were cut into 100 mm height pieces to
make the casting moulds. These cylindrical moulds
were fixed on plywood vertically and the
connections were sealed by silicon paste. Figure 1
shows the casting moulds used to cast the samples.
Fly ash was mixed with alkali solution using a
mechanical concrete mixture for 3 minutes and the
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mixture was poured in to the prepared mould in
three layers. Then the samples was placed on the
vibrating table for 2 minutes in order to remove

Figure 1: PVC moulds used to caste cement
samples
This work includes two types of curing to study the
effect of curing temperature and ageing time. To
study the effect of curing temperature all the
samples were cured at different curing
temperatures (27- 80 °C) for 48 hours and then
they were allowed to cool at room temperature
(RT) for another 24 hours before testing. Based on
this test, optimum temperature for high strength
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any air voids present in the sample. Then the top of
the mould was covered with polythene in order to
avoid the moisture loss.

was observed. Effect of ageing was studied by
exposing samples to two different temperatures (27
°C and the optimum temperature) for prolong
curing periods of 2, 7, 14, 28 and 45 days.

After curing both side of the samples was grinded
using by the mechanical grinding wheel and
capped with sulphur capping. Figure 2 shows the
samples prepared for testing.

Figure 2: (a) Oven cured gepolymer samples, (b)
sulphur capped sample

UCS test was conducted on the samples with a
stress controlled loading rate of 0.2 MPa/ s.
Schematic view of the UCS testing set-up used is
shown in Figure 3. A total number of 32 samples
of geopolymer cement and 32 samples of OPC
were tested in this research. For each data point,
two samples were tested to ensure reproducibility.

Bottom platen
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Figure 3: schematic view of UCS testing machine

To study the microstructural behaviour of
geopolymer cement with temperature variations
and the curing duration, SEM analysis was

performed. The geopolymer samples was crushed
and samples of approximately 1 mm?®was mounted
on the test plate in the machine. The samples was
coated with Au (gold) to make the sample
conductive. Magnification factor up to x 25000 can
be used in this machine. Figure 4 shows the SEM
testing machine

Figure 4: SEM testing machine used

3. Results and Discussions

3.1 Effect of curing temperature

Well cement is exposed to different temperature
conditions (from ambient level to 80 °C).
Therefore, the failure stress of geopolymer paste
and OPC motar was tested at different curing
temperature for 48 hours of curing. Figure 5 shows
the strength variation with curing temperature for
both geopolymer and OPC.

According to Figure 5, at room temperature, the
strength of the geopolymer is considerably low and
it is because of the poor rate of geopolymerization
process. The rate of geopolymerization is high at
elevated temperatures [8, 9]. The optimum
temperature for high strength for geopolymer and
OPC are approximately 60 and 50 °C respectively.

Geopolymer  gains  strength  with  curing
temperature as Si and Al from the source material
readily dissolves with the increase in curing
temperature up to 60 °C. After that the strength

" decreases with the temperature. However, some of

the researches [14, 16] found that the optimum
strength is between 70- 80 °C. The optimum
temperature may vary depends on the source of fly
ash, type of curing, sample compositions and the
mix compositions [14].
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Figure 5: Variation of UCS with curing temperature for geopolymer and OPC
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For geopolymer, strength is decreasing beyond 60
°C. This may be due to the weakening of
microstructure at elevated temperatures or the
formation of micro cracks [9]. For the
geopolymerization process presence of moisture
also important and at higher temperatures moisture
might be vaporized and because of that strength
reduction may occur. According to Figure 5,
strength of the OPC is increasing with curing
temperature up to 50 °C and after that the strength
decreases. The increase of strength is because of
the rate of hydration increases with the temperature
increment. The optimum temperature is 50 ° C, and
however optimum temperature vary with the w/c
ratio and the type of OPC [17].

When the behaviour of OPC and geopolymer is
compared, it can be seen that at room temperature
conditions, OPC has higher strength compared to

geopolymer. This is because of the poor
geopolymerization rate for geopolymer at room
temperature. On the other hand, at elevated
temperatures, geopolymer possesses high strength
compared to OPC. Rate of strength increment of
geopolymer from room temperature to optimum
temperature (60 °C) is 90 % while the rate of
increment of OPC is 49 %. The increment rate is
much high for geopolymer than OPC. However,
the reduction rate is low to geopolymer compared
to OPC. The rate of strength reduction beyond the
optimum temperature is 8 % for geopolymer while
it is 23 % for OPC. Based on this, it can be
concluded that the geopolymer cement is suitable
for the constructions where the down-hole
temperature conditions is above 40 °C.

Figure 6 shows the variation of Young’s modulus
with curing temperature for geopolymer and OPC.
The variation of young’s modulus also follow the
same pattern as variation of strength. At the higher
temperatures, the geopolymer is stiffer than OPC
whereas at lower temperatures OPC is stiffer than
geopolymer cement.
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Figure 6: Variation of Young’s modulus with curing temperature
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3.2: Effect of ageing

To study the effect of ageing, OPC and
geopolymer samples were cured at room
temperature and optimum temperature (60 °C) for
different curing periods. Figure 7 shows the
variation of UCS of OPC and geopolymer with the
ageing.

According to Figure 7, UCS of geopolymer and
OPC increases with the ageing time. This is
because of the geopolymerization process of
geopolymer and hydration process of OPC with
ageing. The strength gaining of the geopolymer
cured at room temperature is higher than that of
OPC cured at same conditions. At room
temperature curing the rate of strength increment
of geopolymer in 2- 45 days is 92 % while that for
OPC is 63 %. This shows that even at low
temperatures geopolymer develops higher strength
compared to OPC.

For geopolymer cured at 60 °C, the rate of
increment in strength is low compared to the
samples cured at room temperature. For
geopolymer, the geopolymerization process is
almost finished within 48 hours of curing for
elevated temperature. Hence, geopolymer will not

develop significant strength increment with further
ageing when cured at elevated temperatures. In
OPC, the hydration process is also faster at
elevated temperatures and because of that the
strength is gained within short period of curing
time (48 hrs) [Figure 5]. Due to that the strength
increment rate is low for OPC cured at 60 °C than
room temperature cured samples. At elevated
temperature curing, the rate of strength increment
of geopolymer is 8% while that for OPC is 22%.

3.3 SEM analysis

Micrographs of fly ash based geopolymer were
obtained using a ZEISS field-emission scanning
electron microscope (FESEM) operated at 20 kV.
Magnification factors were changed from 500 to
3000. Figure 8 shows the SEM images of fly ash
and geopolymer samples cured at different
conditions. In Fig 8 (b) and (c), the grey coloured
spherical particles (X) are unreacted fly ash
particles and more unreacted particles can be seen
at low temperature cured samples. This is due to
poor rate of geopolymerization. Based on this, it
can be concluded that the rate of
geopolymerization is high at elevated temperature.
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Figure 7: Variation of UCS with ageing for both geopolymer and OPC
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Flgure 9: SEM images of geopolymer samples cured at 60 °C for (a) 2 days (b) 7 days, (c) 14 days

Figure 8 clearly shows that the different
geopolymerization rate between samples cured at
R.T and 60 °C. But there is no significant variation
of unreacted particles between samples cured at 60
°C and 80 °C. Based on this, it can be concluded
that the strength reduction beyond 60 °C is not due
to the variation in rate of geopolymerization. In
Figure 8 (d), some micro-cracks can be observed.
Hence, it can be concluded that the strength
reduction beyond 60 °C is due to the formation of
micro-cracks at elevated temperatures.

Figure 9 shows the SEM images of geopolymer
cured at 60 °C for different durations. There is no
much difference in the unreacted particles between

samples cured at 60 °C for 2, 7, and 14 days.
Based on this it is concluded that for elevated
temperature curing there is no significant strength
gain with ageing.
4. Conclusions
Present study focused on geopolymer as well
cement and its mechanical behaviour with curing
temperature as typical wellbore is subjected to a
range of curing temperatures with the depth. OPC
was used for the comparison of results. The
following conclusions are drawn based on the
outcomes of this research.
1. The optimum curing temperature for fly ash
based geopolymer is 60 °C and there is no
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considerable strength gain after optimum
temperature.

UCS and Young’s modulus of geopolymer
increases with curing temperature up to 60 °C
and beyond that it decreases.

The optimum curing temperature for OPC
based well cement is 50 °C and beyond the
optimum temperature strength decreases.

At lower curing temperatures (below 40 °C),
OPC  possess  higher  strength  than
geopolymer, whereas at elevated temperatures
geopolymer possess higher strength.

At low temperature curing, both OPC and
geopolymer develop strength with ageing and
the rate of strength gaining is high for
geopolymer compared to OPC.

At elevated temperatures, the geopolymer
develop its ultimate strength within a short
period of curing (48 hours) and it does not
develop significant strength increment with
further ageing.

On the whole, geopolymer is suitable for
temperature of above 40 °C, whereas OPC can
be used at shallow depths where temperature
is low (< 40 °C).

Acknowledgement

The present research was funded by Tokyo cement
(Pvt) Ltd and authors would like to thank them. In
addition, we are indebted to Holcim Lanka (Pvt)
Ltd for giving us sulphate resistant cement and fly
ash. Finally, we would like to thank Department Of
Civil Engineering, University Of Peradeniya for
giving opportunity to perform this research work.

References

1.

Bruant R, Guswa A, Celia M, Peters C, Safe
storage of CO, in deep saline aquifers.
Environmental science & technology, 2002,
36:240a- 245a.

Perera MSA, Ranjith P, Choi S, Bouazza A,
Kodikara J, Airey D, A review of coal properties
pertinent to carbon dioxide sequestration in coal
seams: with special reference to victorian brown
coals. Environmental earth sciences, 2011, 64:
223-235.

Benso S, Cook P, Anderson J, Underground
geological storage. Ipcc special report on carbon
dioxide capture and storage, 2005, 195-276.
Kutchko B, Strazisar BR, Dzombak DA, Lowry
GV, and Thaulow N, Degradation of wellbore
cement by CO2 under geologic sequestration
conditions, Environmental science and technology,
2007, 41: 4787-4792.

Luke C, Deasy H, Lupton N, Integrity of Wellbore
Cement in CO, Storage Wells State of the Art
Review. Australian National Low Emissions Coal

10.

11.

12.

13.

14.

15.

16.

17.

Research & Development Project, 2012, 3:1110-
0084.

Brandvoll O, Regnault O , Munz 1A, Iden IK
,Johansen H, Fluid — solid interactions related to
subsurface storage of CO, Experimental tests of
well cement. Energy Procedia, 2009, 17: 3367-
3374.

Arina B, Sonny |, Effects of pressure and
temperature on well cement degradation by
supercritical CO.. International Journal of
Engineering and Technology, 2010, 10: 980-988.
Hardjito D, Wallah S, Sumajouw D,Rangan B,
Introducing fly ash-based geopolymer concrete
manufacture and engineering properties, 30th
conference on our world in concrete and structures,
august, Singapore, 2005, 271- 278.

Nasvi MCM, Ranjith PG, Sanjayan J, Geopolymer
as well cement and variation of its mechanical
behaviour with curing temperature, Greenhouse
gases, science and technology, 2011, 1: 1-13.
Davidovits J, Properties of Geopolymer Cements,
First International Conference on Alkaline
Cements and Concretes, 1994, 131-149.

Van Jaarsveld J. Van Deventer J, Lorenzen L, The
potential use of geopolymeric materials to
immobilise toxic metals: part 1. Theory and
applications Minerals engineering, 1997, 10: 659-
669.

Hewayde E, Nehdi M, Allouche E and Nakhla G,
Effect of geopolymer cement on microstructure,
compressive strength and sulphuric acid resistance
of concrete. Mag Concrete Research, 2006,
58(5):321-331.

Lloyd N and Rangan B, Geopolymer Concrete
with Fly Ash, Second International Conference on
Sustainable Construction Materials and
Technologies, Ancona, Italy, 2010, 3:1493-1504.
Abdullah M.M.A., H. Kamarudin, H. Mohammed,
I. Khairul Nizar A. R.Rafiza, and Y. Zarina, The
relationship of NaOH Molarity, Na,SiOs/NaOH
Ratio, Fly Ash/Alkaline Activator Ratio, and
Curing Temperature to the Strength of Fly Ash-
Based Geopolymer. Advanced Materials Research,
2011, 1475-1482.

Lecolier E, Rivereau A, Le Saout G, Audibert-
Hayet A, Durability of hardened Portland cement
paste used for oil well cementing. Oil & gas
science and technology, 2007, 62: 335-345.
Thakur RN and Ghosh S, Effect of mix
composition on compressive strength  and
microstructure of fly ash based geopolymer
composites. ARPN Journal of Engineering and
Applied Sciences, 2006, 4(4):68-74.

Runar N, Well Design and Well Integrity.
Wabamun area co, sequestration project, 2010.

72





