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Abstract

A compromised cementing operation integrity can hinder
the long term production capability of the well and can also
result in some environmental concerns. Ordinary Portland
cement used in well cementing has shown to perform
ineffectively in adverse conditions.

The purpose of this study is to develop environmental
friendly fly ash based geopolymer material as substitute for
ordinary Portland cement. This study involved conducting
rheological and compressive strength, test on the optimized
substitute material.

The optimized fly ash geopolymer mix showed an increase
in the compressive strength as the curing temperature
increases, whereas increasing the temperature decreases the
compressive strength in ordinary Portland cement. At 300°F,
the compressive strength of fly ash based geopolymer
increased to about 4100psi while that of Portland cement
decreased to about 1400psi. In terms of toughness and rate of
crack propagation, Fly ash based geopolymer showed an
overall better performance than Portland cement.

The result and observations from the test conducted shows
that with further study and improvement, fly ash based
geopolymer can effectively be used as an alternative to
ordinary Portland cement in oil and gas well.

Introduction

Ineffective zonal isolation or cement integrity failure may
lead to problems in the well and the well may not operate at its
expected producing potential. The rheological property of the
cement slurry as well as the mechanical property of the set
cement must be optimized in order to achieve an effective
cementing operation.

Wellbore cement integrity failure can occur as a result of
poor cement/casing bonding due to mudcake, fluid breakout
and channeling in the cement and high permeability in the set
cement. Another mechanism of cement integrity failure can
occur after the setting of the cement sheath, which can be as a
result debonding of the casing/cement/formation due to tensile
stresses and temperature changes, fractures and cracks induced
and propagated in the set cement and corrosion of set cement
(Nygaard et al. 2014).

Ordinary Portland cement (OPC) is primarily used as oil
and gas well cementing material. The brittle nature of set

Portland cement makes it susceptible to cracking when
exposed to pressure and thermal induced loads (Jackson and
Murphey 1993, Godwin and Crook 1990). The phenomenon
of strength retrogression experienced when Portland is
subjected to high temperatures is a great concern. The
reduction in strength at high temperature is usually
accompanied with increase in porosity and permeability (Eiler
and Root 1974). Increase in permeability makes the internal
micro structure of the set cement sheath accessible by
corrosive fluid present in the formation. Portland cement can
suffer further degradation when exposed to these corrosive
fluids like CO2, H2S and stimulation acids and sulfates, which
can lead to ineffective zonal isolation (Brady et al. 1989,
Krilov et al. 2000).

Aside the susceptibility of Portland cement in adverse
environment, the production of Portland cement poses a great
environmental and energy concern. During the calcination of
limestone and combustion of fossil fuel to generate energy
needed to heat the kiln, about one ton of CO2 is generated in
the production of one ton of Portland cement (Davidovits
1994, McCaffrey 2002).

Recently, there has been a lot of research geared toward
using environmental friendly material to replace Portland
cement, most of the research and study carried out so far has
been in the concrete and construction industry, while the oil
and gas industry, which primarily uses Portland cement in her
cementing operation, is almost being left out. The
environmental unfriendliness and enormous energy required in
the production of Portland cement as well as its
ineffectiveness to provide zonal isolation in adverse condition
cannot be overemphasized.

This paper presents the performance of Fly ash Based
geopolymer when compared to ordinary Portland cements.
The compressive strength as well as the fracture energy and
modulus of fly ash based geopolymer and ordinary Portland
cement at various condition of curing has been reported in this

paper.

Experimental Methodology

Alkaline Activator
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A combination of sodium silicate and sodium hydroxide
is selected as the alkaline activator. The selection is based on
previous research that shows that a combination of both
alkaline solutions provides a better strength for fly ash based
geopolymer and it is cheaper than their potassium counterpart.
The water composition of the solution is >60% while the
sodium silicate is <40% by weight.

Slurry Preparation

The sequence developed for mixing the component of the
geopolymer was basically developed from a trial study.
Sodium hydroxide and sodium silicate solutions were mixed at
the appropriate ratios and allowed to sit for at least 30mins
The alkaline solution was poured into the fly ash and mixed
slowly for about 2minutes and later mixed faster for about
10mins in order to obtain a homogenous slurry.

Fly Ash Based Geopolymer Optimal Mix Design

The optimal mix for the fly ash based geopolymer
applicable in oil and gas well was determined based on the
rheology of the slurry and compressive strength gained after
24 hours at 140°F.

The variables considered in the optimization include the
Alkaline to fly ash ratio (alkaline/Fly ash), sodium hydroxide
concentration (NaOH (M)), Sodium Silicate to sodium
hydroxide ratio (Na2SiO3/NaOH). The experimental mix
designs were strategically selected to capture the effect of the
variables on the compressive strength and viscosity. The result
of the optimal study was used to predict the effect of the
variables on the compressive strength

Rheology Test

Rheology test characterizes the flow of the slurry. It helps
determine the viscosity of the slurry. The viscosity gives an
indication of the workability of the slurry.

OFITE Model 800 viscometer was used for the rheology
test. The viscometer determines the flow property of the
slurry in terms of the shear rate and shear stress at
atmospheric pressure. For this test, an R1B1 bulb and an F5
rated spring was used because of the viscous nature of the
slurry. The Viscosity is estimated by the equation below:

k factor =spring factor = dial reading

Viscosity (cp) = RPM

Compressive Strength Test

The compressive strength test was carried out with 810
Material Test System. The testing system can supply a load
up to (20KIP). The samples were tested at a rate of
0.02inch/min. For each compressive test, 3 samples were
tested and the average is obtained.

A plot of the stress against deformation was used to
estimate the fracture energy and modulus of the sample. The
fracture energy is estimated using the area under the stress-
deformation curve, while the modulus is estimated from the
slope of the curve. The bottom part of the curve was

corrected while estimating the slope and is due to the effect
of the capping material which appears to be softer than the
actual sample. In this study, the slope (modulus) of the curve
was estimated from the origin to about 40% of the total
compressive strength.

Result and Discussion

Evaluation of Fly ash based Geopolymer

The performance of Fly ash based geopolymer as oil well
cement was carried out. A Class G Oil well Portland cement
was used as a base case in making comparison. The mix
design for the study is shown in table 1.

Table 1: Mix design for performance characterization

Mix Density (ppg)
Geopolymer A 14

(Optimal Mix)

Geopolymer B 14

(modified mix)
Class G Portland Cement 16.8
w/c =0.44

Effect of Curing Temperature on compressive
Strength

Fig 1 shows the effect of temperature on the compressive
strength. The compressive strength test was carried after
curing the samples at the various temperatures for 24 hours.
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Fig. 1: Compressive strength development at various curing
temperature

From the figure, Class G Portland cement showed higher
strength than Geopolymer A and B at 150°F. As the
temperature increases, the strength of Geopolymer A and B
increased while that of Class G cement decreased. At 300°F
the compressive strength of Geopolymer A and Geopolymer B
were 4100psi and 3200psi respectively. The strength of Class
G cement at 300°F deteriorated to about 1400psi.

The surface of Geopolymer A and B and Class G cement
after curing at 150°F and 300°F for 24 hours is shown in Fig 2.
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It can be observed that the surface of Geopolymer A shows
some form of roughness at 300°F while that of Geopolymer B
containing water and plasticizer appears very smooth at 300°F.
Class G cement which is an oil well Portland cement showed a
high degree of surface deterioration at 300°F. This surface
damages also plays a part in the reduction in strength of
Portland cement in at higher temperature. The surface of fly
ash based geopolymer can be said to be more stable than
ordinary Portland cement when exposed to heat. This implies
that fly ash based geopolymer can be more suitable in High
temperature wells.

Geopolymer A at 150F Geopolymer A at 300F

Geopolymer B at 150F Geopolymer B at 300F

Class G cement at 150F Class G cement at 300F

Fig 2: Surface of Geopolymer A and B and Class G cement at 150°F and 300°F
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Free Fluid Test

Free fluid test investigates the free fluid content of the slurry
and the tendency to cause channeling when the fluid breaks
out. Excessive free fluid in the slurry can be detrimental to
cement sheath quality and effectiveness to create zonal
isolation. The free fluid test of fly ash based geopolymer
slurry (Mix A and B) and class G Portland cement is shown
below:

Figure 3. Detailed view of the free fluid test

From Figure 3, it can be seen that Portland cement without an
additive shows high tendency of fluid breakout. Fly ash
geopolymer slurry (Mix A and B) show zero free fluid
breakout. The free fluid breakout of an oil well cement slurry
to a great extent indicates the slurry stability. Extreme fluid
breakout can result to uneven strength of the set cement
sheath. Fluid breakout is usually accompanied by longitudinal
fluid channeling which can impair proper sealing of the
annulus. Water channeling challenge is more pronounce in
deviated well where by a continuous fluid channel is formed at
the upper side of the annulus and thus affects the sealing and
setting quality of the cement. Alkaline activated fly ash
geopolymer slurry has a very low tendency of producing fluid
breakout or channeling when compared to Portland cement as
show in the test result.

Sedimentation Test

Sedimentation test was carried to investigate the settling
tendency of the solid components of fly ash geopolymer
slurry. The sedimentation test result is shown below:

Table 2: Specific gravity of various portions of geopolymer

position suspended weight (g) | Total weight (g) Specific gravity
1 1691 3218 1.90
2 1157 2216 192
3 1239 2338 1.90
4 963 1837 190
3 8.37 1378 189

Figure 4. Fly ash geopolymer cured at 1500F and 3000psi
divided into 5 unequal portions

The specific gravity of the various portion of fly ash
geopolymer as shown in Table 2 is approximately equal. The
result shows that the settling tendency of the fly ash
geopolymer is very minimal. A considerable variation in the
specific gravity of any portion of a set cement can result in
variation in the mechanical properties of the portions.

Fracture Energy and Modulus

The fracture energy gives an indication of the toughness of
a material while the modulus is related to the stiffness of the
material. The fracture energy and modulus of Geopolymer A
and B and Class G Portland cement at different curing
temperatures was estimated from the compressive stress vs
deformation curve.

Besides the compressive strength, the toughness and
stiffness are some other properties that is considered in the
selection of a material. From Fig. 5, Class G ordinary Portland
cement showed higher compressive strength than Geopolymer
A and B at 150°F. The fracture energy of Mix A is
approximately equal to that of Mix C. In terms of the stiffness,
Geopolymer A showed a lower modulus than Mix C at 150°F
while Geopolymer B developed the lowest modulus. A high
toughness and a low stiffness is desired in oil well cement as
the development and rate of propagation of crack will be
slower. At 150°F, the rate of propagation of crack will be
higher in Class G cement than in Geopolymer A.

As the Temperature is increased to 200°F as shown in Fig
6, Geopolymer A showed an overall better property than Class
G Portland cement. Geopolymer A showed higher
compressive strength and toughness and lower modulus than
Class G cement.

At 250°F the compressive strength of Class G cement
deteriorates further and the toughness decreases drastically.
The compressive strength of Geopolymer A and B increased
further while there is a slight decrease in their toughness.

Based on the toughness and stiffness estimated for fly ash
based geopolymer and glass G Portland cement, fly ash based
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5
geopolymer might be able to provide better long term integrity

and performance especially at higher temperature as a result of

its low stiffness and higher toughness.
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Fig. 5: Compressive stress vs deformation for Geopolymer A Fig. 7: Compressive stress vs deformation for Geopolymer A
and B and Class G cement cured at 150°F and B and Class G cement cured at 250°F
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0.016




AADE-15-NTCE-38

Thickening Time

The thickening time of cement slurry gives an indication of
how long the cement will remain pumpable under specific
downhole condition. For this test the thickening time is the
time it takes the slurry to get to 70Bc Figure 8 (Bearden unit
of consistency). HPHT consistometer set up was used for
measuring geopolymer thickening time as shown in Figure 8.
Geopolymerization reaction is different from the hydration
reaction of Portland cement therefore it is a challenge to
increase thickening time of geopolymer based cement.
However, using different plasticizer and optimizing the
Alkaline activator ratio, thickening time can be improved.
Thickening times for an optimized solution with and without
plasticizer are represented in the figures 9 and 10. As
illustrated in the figures, thickening time was increased to
approximately five hours with using a suitable mix of
plactisizers.

Figure 8: HPHT consistometer set up used for measuring
geopolymer thickening time
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Figure 9: Thickening time results for the sample without
placiticizer (39 min)
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Figure 10: Thickening time results for the optimized sample
using suitable mix of placticizer (5 hrs)

Conclusion
Experimental study of the performance of fly ash based

geopolymer for oil and gas well cementing operation has been
carried out in this study. The compressive strength, fracture
energy and modulus of fly ash based geopolymer was
investigated and compared to the conventional Portland
cement. Based on the results and observation from the study,
the following conclusion can be drawn:

e The compressive strength test shows that fly ash based
geopolymer can provide the required strength after 24hrs.

e Increase in the temperature increases the compressive
strength of fly ash based geopolymer while the
compressive strength decreases in class G Portland
cement.

e Higher temperatures has a deteriorating effect on the
surface of class G Portland cement while the surface of
fly ash based geopolymer is pretty stable. The surface
cracks on the Portland cement also contributed to the
early failure of Portland cement.

e Fly ash based geopolymer has higher fracture energy
(toughness) when compared to ordinary Portland cement,
this implies that more energy will be required to fail a unit
volume of fly ash based geopolymer.

e Fly ash based geopolymer will exhibit a better resistance
to deformation as a result of mechanical and thermal
loads in the wellbore due to its plasticity property. Fly ash
based geopolymer shows a lower modulus (stiffness) at
1500F which is ideal for oil well cement.

e Based on the tests carried out in this study, fly ash based
geopolymer is pumpable has the potential of being used
as an oil and gas well cement
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e Addition of suitable placticizer can enhance the
thickening time of the geopolymer mix

Acknowledgement

Authors would like to thank Halliburton’s Gulf of Mexico
laboratory staff for helping to conduct some of the tests
presented in this paper.

References

1. Backe, K. R.., Lile, O. B., Lyomov, S. K., Elvebakk H., and
Skalle P.: “Characterization Curing-Cement Slurries by
Permeability, Tensile Strength, and Shrinkage.” SPE Drilling &
Completion Journal v. 14, No. 3, (1999) 162— 67. SPE 57712.

1. Brady, J.L., Gnatt, L.L., Fife, D.M,, Rich, D.A., Almond, S.W.,
and Ross, D.A.: “Cement Solubility in Acids.” SPE-18986-MS,
Low Permeability Reservoirs Symposium, Denver, Colorado, 6-
8 March, 1989.

2. Carpenter, R.B., Brady, J.L., and Blount, C.G.: “Effect of
Temperature and Cement Admixes on Bond Strength.” Journal
of Petroleum Technology v. 44 No. 8, (1992) 934-941. SPE
22063-PA.

3. Criado, M., Palomo, A., and Fernandez-Jimenez, A.: “Alkali
activation of fly ashes. Part 1: Effect of curing conditions on the
carbonation of the reaction products.” Fuel First v. 84, (2005)
2048-2054.

4. Davidovits, J.: “Properties of Geopolymer Cements.” First
International Conference on Alkaline Cements and Concretes,
SRIBM, Kiev State Technical University, Kiev Ukraine, 1994.

5. Djwantoro, H., Steenie, E. W., Dody, M. J., and Rangan, B. V.:
“Factors Influencing the Compressive Strength of Fly Ash
Geopolymer Concrete.” Civil engineering Dimension v. 6 No. 2,
(2004) 88-93.

6. Duguid, A.: “The Effect of Carbonic Acid on Well Cements as
Identified Through Lab and Field Studies.” SPE 119504, SPE
Eastern Regional/AAPG Eastern Section Joint Meeting,
Pittsburgh Pennsylvania USA, 11-15 October, 2008.

7. Eilers, L.H., and Root R.L.: “Long Term Effects of High
Temperature on Strength Retrogression of Cements.” SPE 5028.
Fall Meeting of the Society of Petroleum Engineers of AIME,
Houston, Texas, 6-9 October, 1974.

8. Goodwin, K.J. and Crook, R.J.: “Cement Sheath Stress Failure.”
SPE Drilling Engineering Journal v. 7, No. 4, (1992) 291- 96.

9. Jackson, P.B. and Murphey C.E.: “Effect of Casing Pressure on
Gas Flow through a Sheath of Set Cement.” SPE-25698-MS,
SPE/IADC Drilling Conference, Amsterdam Netherlands, 23-25
February, 1993.

10. Krilov, Z., Loncarik, B., and Miksa, Z.: “Investigation of a Long
Term Cement Deterioration under a High Temperature Sour Gas
Downhole Environment.” SPE 58771, SPE International
Symposium on Formation Damage Control, Lafayette,
Louisiana, 23-24 February, 2000.

11. Lecolier, E., Riverean, A., Ferrier, N., Audibert A., and
Longaygue, X.: “Study of New Solutions for Acid-Resistant
Cements.” SPE 116066, SPE Annual Technical Conference and
Exhibition, Denver, Colorado, USA, 21-24 September, 2008.

12. McCaffrey, R.: “Climate Change and the Cement Industry.”
Global Cement and Lime Magazine, Environmental Special
Issue, (2002) 15-19.

13. Mojtaba, L., Zahabizadeh, B., and Khajehdezfuly, A.: 2010.
“Early-Age Compressive Strength Assessment of Oil Well Class
G Cement due to Borehole Pressure and Temperature Changes.”

14.

15.

16.

17.

18.

19.

20.

21.

22.

Journal of American Science, v. 6, No. 7, (2010).

Nasvi, M., Ranjith, P., and Sanjayan, J.: “Comparison of
Mechanical Behaviors of Geopolymer and Class G Cement as
Well Cement at Different Curing Temperatures for Geological
Sequestration of Carbon Dioxide.” ARMA 2012-232. 46th U.S.
Rock Mechanics/Geomechanics Symposium, Chicago, lllinois,
24 - 27 June, 2012.

Nygaard, R., Salehi, S., Weideman, B., and Lavoie, R.: “Effect
of Dynamic Loading on Wellbore Leakage for the Wabamun
Area CO2 Sequestration Project.” Journal of Canadian
Petroleum Technology, v. 53, (2014) 69 -82.

Palomo, A., Grutzeck, M. W., and Blanco, M.T.: “Alkali
activated Fly ashes, a Cement for the Future.” Cement and
Concrete Research v. 29 No. 8, (1999) 1323-1329.

Ravindra, N. T., and Somnath, G.: “Effect of Mix Composition
on Compressive Strength and Microstructure of Fly ash Based
Geopolymer Composites.” Asian Research Publishing Network
Journal of Engineering and Applied science v. 4, No. 4, (2009)
68 — 74.

Salim, P., and Amani, M.: “Special Considerations in
Cementing High Pressure High Temperature Well.”
International Journal of Engineering and Applied Sciences v. 1
No. 4, (2013) 120-143.

Shankar, H. S., and Khadiranaikar, R.B.: ‘“Performance of
Geopolymer Concrete under Severe Environmental Conditions.”
International Journal of Civil and Structural Engineering v. 3
No.2, (2012) 96-407.

Swauze, M. A. (Mid-Continent District Committee on
Cementing Practices and Testing of Oil Well Cements): “Effects
of High Pressure and Temperatures on Strength of Oil Well
Cements.” API 54-072, Drilling and Production Practice, New
York, New York. 1 January, 1954.

Thomas, J., James, S., Ortega, J. A., Musso, S., Auzerais, F.,
Krakowiak, K., Akono, A., and Ulm, F.. “Fundamental
Investigation of the Chemical and Mechanical Properties of
High Temperature Cured Oil Well Cements.” OTC 23668,
Offshore Technology Conference, Houston, Texas, 30 April - 3
May, 2012.

Worrell, E., Price, L., Martin, N., Hendriks, C., and Ozawa, L.:
“Carbon Dioxide Emissions from the Global Cement Industry”
Annual Review of Energy and the Environment. v. 26, No. 1,
(2001) 303-329.



